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   1. INTRODUCCIÓN GENERAL 
“Lo que sabemos es una gota de agua; lo que ignoramos es el 
océano”.  
Isaac Newton (1642-1727). Físico y matemático inglés. 

“Si me ofreciesen la sabiduría con la condición de guardarla para 
mí sin comunicarla a nadie, no la querría”.  

Lucio Anneo Séneca (2AC-65DC). Filósofo latino. 
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A. ANTECEDENTES DEL TEMA EN EL QUE SE HA 

DESARROLLADO LA PRESENTE TESIS 

Para poder hacer un mejor seguimiento de los trabajos que constituyen la presente 

tesis titulada “Efecto de los antioxidantes en la modulación de la función inmunitaria. 

Cambios con la edad”, y de la justificación de la unidad temática que constituyen los 

mismos, se va a recoger en la primera parte de esta “Introducción General” los 

antecedentes que hay en cada uno de los aspectos en los que se han desarrollado las 

investigaciones. Por ello, en primer lugar se indicarán conceptos generales sobre el 

funcionamiento del sistema inmunitario y la comunicación de este sistema con los otros 

sistemas reguladores (el nervioso y el endocrino), sobre los oxidantes y antioxidantes, el 

envejecimiento, la inmunosenescencia y finalmente sobre lo que se conoce sobre el papel 

de los antioxidantes en la función inmunitaria y sus variaciones al envejecer.  

1.1. EL SISTEMA INMUNITARIO Y LA COMUNICACIÓN 

NEUROINMUNOENDOCRINA. UNA BREVE PRESENTACIÓN 

1.1.1. El sistema inmunitario 

Desde que nacemos nos encontramos continuamente expuestos a padecer 

infecciones y procesos cancerosos, frente a los cuales sucumbiríamos si no fuera porque 

disponemos de ese complejo sistema que al reconocer nuestra particular identidad nos 

defiende de lo extraño, los antígenos, ya sean microorganismos invasores o células que se 

nos malignizan. Este sistema está constituido por una gran variedad de células 

(leucocitos) y moléculas capaces de reconocer y eliminar un número ilimitado de 

diferentes agentes extraños al organismo. El conjunto de mecanismos que se ponen en 

marcha para llevar a cabo esa función se conoce como “respuesta inmunitaria”. En esta 

respuesta se da una primera fase de reconocimiento del antígeno, para posteriormente 

llevarse a cabo una activación de las células y moléculas que van a permitir la 

eliminación del mismo. Esta activación, que supone la segunda fase de la respuesta 

inmunitaria, es un conjunto de procesos que se encuentran perfectamente regulados, ya 

que una activación descontrolada de los leucocitos podría suponer, y de hecho lo hace, la 

aparición de enfermedades o la muerte del individuo. La tercera y última fase, la efectora, 

supone la destrucción de lo extraño, lo cual implica la generación de un proceso de 

inflamación y oxidación que va a permitir la eliminación de los antígenos (Figura 1). Es 
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evidente que tan importante como generar una buena respuesta inmunitaria capaz de 

eliminar los agentes infecciosos y las células malignizadas, lo es el poder cortar esa 

respuesta una vez ha cumplido su misión.  

 

Fig.1. Fases de la respuesta inmunitaria. 

El sistema inmunitario se divide funcionalmente en innato o inespecífico y 

adquirido o específico. La respuesta inespecífica se desarrolla y actúa de forma 

indiscriminada e inmediata frente a cualquier agente extraño que ha conseguido pasar las 

barreras naturales de nuestro cuerpo. Estas barreras de las superficies epiteliales externas 

e internas, como la piel o las mucosas (fundamentalmente las del tracto respiratorio y 

digestivo), constituyen auténticas barreras “físicas”, pero además “químicas”, al liberar 

moléculas con función defensiva. Tengamos en cuenta, también, la barrera “biológica” 

que representa la microbiota normal de esas localizaciones mencionadas. Además de 

defendernos de los patógenos externos, la respuesta innata actúa frente a toda célula del 

organismo que se ha transformado en cancerosa. Esta respuesta, que es rápida pues se 

desencadena en segundos y dura pocas horas, se lleva a cabo por una serie de células y 

factores solubles, estando entre las primeras los fagocitos (neutrófilos, monocitos y 

macrófagos, así como las células dendríticas) y las “Natural Killer” (NK) (o asesinas 
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naturales). Entre los segundos se debe mencionar a las proteínas del complemento, a la 

lisozima, a algunas citoquinas, mediadores de la inflamación y las proteínas de fase 

aguda. Todas esas células llevan a cabo una primera línea de defensa frente a lo extraño. 

Los fagocitos ingieren y destruyen los agentes infecciosos y las células NK se unen 

directamente a células tumorales y las programan para su destrucción por apoptosis. En la 

respuesta innata hay unos mecanismos de actuación más inmediata (pocos minutos) a los 

que les siguen otros de respuestas tempranas inducidas (con una duración de 4 a 96 

horas). En estos últimos se da un reclutamiento de células efectoras, que reconocen lo 

extraño y se activan para llevar a cabo la eliminación de los antígenos, aunque no 

proporcionan una inmunidad de protección duradera. 

La respuesta específica es responsabilidad de los linfocitos, considerados por tal 

motivo como “células principales” del sistema inmunitario. Tanto los linfocitos B como 

los T reconocen los antígenos. En el caso de los B estos antígenos se encuentran libres, 

mientras que en el de los linfocitos T, si los mismos son T CD4 o colaboradores (T 

“helper”, Th) el antígeno tiene que estar siendo presentado por una célula presentadora 

(CPA), que son las células dendríticas, los propios fagocitos antes comentados y los 

linfocitos B (que también pueden actuar como CPA). Si los linfocitos T son T CD8 o 

citotóxicos reconocen el antígeno mostrado por cualquier célula diana que ha sido 

infectada o transformada en cancerosa. Tras el reconocimiento del antígeno se producen 

factores que permiten neutralizarlo (es lo que hacen los anticuerpos específicos que 

generan los linfocitos B tras transformarse en células plasmáticas) o regular la respuesta 

inmunitaria, como lo hacen las diferentes citoquinas que liberan los linfocitos. La 

inmunidad adquirida o adaptativa, con una duración de días a semanas, tiene una serie de 

características que permiten su funcionamiento y le dan su peculiaridad. Además de un 

sistema de autorregulación perfectamente diseñado para evitar que la respuesta de 

activación que realiza frente a los  antígenos  se extienda en el tiempo y el espacio, posee 

una gran especificidad, diversidad, capacidad de discriminación y dispone de memoria. 

Los linfocitos pueden reconocer, gracias a sus receptores específicos, millones de 

moléculas antigénicas diferentes, distinguiendo incluso entre aquellas que tienen un 

enorme parecido estructural, y lo hacen con gran precisión, con especificidad. Al 

producirse los linfocitos (los B en la médula ósea y los T en el timo) se van dando toda 

una serie de combinaciones genéticas que permiten expresar en la membrana de los 

mismos, al madurar, millones de posibles receptores diferentes. Estos receptores  (TCR 

en los linfocitos T y BCR, que son inmunoglobulinas de la clase M (IgM), en los B), 

distintos para cada uno de los millones de clonos de linfocitos, reconocerán de forma muy 
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específica a los millones de diversos antígenos con los que se pueda contactar a lo largo 

de la vida. Además, con estos receptores se discrimina entre lo propio y lo extraño, 

decidiendo si se tolera, en el primer caso, o se destruye, en el segundo. Los linfocitos 

tienen memoria, gracias a la cual pueden recordar, cuando reconocen a un antígeno, si es 

la primera vez que entran en contacto con él, o si ya ha habido una interacción previa. 

Los linfocitos que nunca ha contactado con el antígeno se denominan “vírgenes” y 

cuando aparece un antígeno interaccionan con él aquellos linfocitos que tienen el receptor 

específico para el mismo, activándose. Este hecho se manifiesta mediante una 

proliferación para, de este modo, expandir ese clon linfoide. Unos cuantos de esos 

linfocitos activados pasan a ser células que llevan a cabo la respuesta destructora del 

antígeno, son los “efectores” mientras que otros pasan a ser linfocitos “memoria”, que no 

actúan en esa ocasión pero que ante la nueva aparición de ese antígeno específico 

responderán más rápidamente y con mayor fuerza frente al mismo. Esta capacidad de 

memoria es la base del funcionamiento de las vacunas. Por todo lo indicado el sistema 

inmunitario ha resultado ser fundamental en el mantenimiento de la homeostasis corporal, 

siendo un claro sistema regulador, en igualdad de condiciones con los sistema 

reguladores clásicos como el sistema nervioso y el endocrino (De la Fuente, 2009a, 2010, 

2011).  

No es de extrañar ante lo indicado que en los años noventa del pasado siglo se 

estableciera al sistema inmunitario como un excelente marcador del estado de salud del 

individuo y consecuentemente de su longevidad (Waine et al., 1990).  

1.1.2. La comunicación neuroinmunoendocrina 

Los sistemas reguladores que controlan la homeostasis del organismo, el nervioso, 

el endocrino y el inmunitario, no trabaja aisladamente, sino que lo hace en íntima 

conexión. La comunicación bidireccional entre estos sistemas reguladores se confirmó 

científicamente en los años setenta con los trabajos de Besedovsky y sus colaboradores, al 

observar como los niveles de glucocorticoides se elevaban durante la respuesta 

inmunitaria produciendo un efecto supresor sobre la misma (Besedovsky et al., 1975, 

1977). Posteriormente, éstos y otros investigadores confirmaron esa comunicación entre 

los sistemas homeostáticos (Besedovsky y Del Rey, 1996, 2007, 2011; De la Fuente, 

1999; Ader, 2000; Blalock, 1984,1994,2005; Wrona, 2006). De este modo se estableció 

que el sistema inmunitario es el receptor de los estímulos que podemos llamar “no 

cognitivos”, esto es, de las infecciones, células malignizadas o extrañas, que aparecen en 
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el organismo. Este sistema responde a los mismos y comunica dicha información, a través 

de las citoquinas que produce, al sistema neuroendocrino con el que así se conexiona. Por 

su parte, el sistema neuroendocrino es receptor de estímulos “cognitivos”, como luz, 

sonido, situación de estrés, etc., a los que responde, y sus mediadores (neurotransmisores 

y hormonas) llegan al sistema inmunitario informándole de la situación (Blalock, 1984). 

De este modo, poseemos un gran sistema neuroinmunoendocrino que permite el 

mantenimiento de la homeostasis corporal, y por tanto de la salud de los individuos. En 

este sistema de integración las células inmunitarias, por su capacidad de moverse y llegar 

a cualquier parte del organismo, constituyen nuestra “mente corporal”. La demostración 

científica de esa comunicación, ha permitido comprender, en base a los datos 

experimentales, toda una serie de hechos observados en la vida cotidiana. Es evidente que 

las situaciones de depresión, estrés emocional o ansiedad, provocadas por ejemplo por la 

pérdida de trabajo o de un ser querido, entre otras, se acompañan de una mayor 

propensión a padecer desde procesos infecciosos hasta cánceres o enfermedades 

autoinmunes. Esto supone que el sistema inmunitario se encuentra deteriorado y, 

consecuentemente, como posteriormente se comentará en mayor detalle, hay una peor 

salud y menor longevidad. Por el contrario, situaciones agradables o una “visión 

optimista” de la vida nos ayuda a superar enfermedades que tienen una base inmunitaria 

y, en general, a tener mejor salud (Barak, 2006; Arranz et al., 2007, 2009; Cruces et al., 

2014a). Por otra parte, se ha confirmado que alteraciones en el sistema inmunitario, como 

puede suceder en un proceso infeccioso grave, modifican la funcionalidad del sistema 

nervioso, dándose la conducta de enfermedad  o “sickness behaviour” (Dantzer, 2001), y 

pudiendo llegarse, en algunas situaciones extremas, a una esquizofrenia y otras patologías 

siquiátricas (Gibney y Drexhage, 2013). Hoy se sabe que las células de los tres sistemas 

comparten receptores para los mediadores típicos de los otros y pueden sintetizar dichos 

mediadores. Se ha comprobado que los leucocitos producen neurotransmisores y 

hormonas y que las células nerviosas pueden producir citoquinas típicas de los leucocitos. 

Así, cualquier incidencia que podamos ejercer en el sistema inmunitario repercutirá en los 

sistemas nervioso y endocrino, y a la inversa. Es precisamente en el control de las 

respuestas a las múltiples situaciones de estrés emocional con las que nos enfrentamos en 

nuestra vida cotidiana donde parece tener mayor futuro las investigaciones y las terapias 

que se están llevando a cabo en este contexto. Una inadecuada respuesta al estrés va a 

repercutir en una mala salud inmunitaria y, en general, en la de los otros sistemas 

fisiológicos (Costa-Pinto y Palermo-Neto, 2010; Vida y De la Fuente, 2013). 
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1.2. COMPUESTOS OXIDANTES  Y ANTIOXIDANTES. EL ESTRÉS 

OXIDATIVO 
 

 1.2.1. Compuestos oxidantes: los radicales libres y las especies reactivas de 

oxígeno y nitrógeno 

Un radical libre se puede definir como aquella especie química que posee uno o 

más electrones desapareados. Esta situación les confiere una alta capacidad de reacción, 

prácticamente con cualquier compuesto, lo que también condiciona su corta existencia. 

La denominación de ROS (del inglés: reactive oxygen species), acoge a un mayor número 

de moléculas que la de radicales libres de oxígeno, pues además de a éstos incluye a todas 

aquellas que durante su metabolismo pueden generar radicales libres, como sucede con el 

peróxido de hidrógeno (Figura 2). 

El oxígeno, un gas necesario para la supervivencia de los organismos aerobios, 

puede ser potencialmente tóxico. Es lo que se conoce como “paradoja del oxígeno”. 

Aproximadamente el 2-3% del oxígeno utilizado se reduce (por adición de electrones) 

generándose el anión superóxido (O2
.-), y posteriormente el peróxido de hidrógeno 

(H2O2), una ROS que puede atravesar membranas y entrar en prácticamente todos los 

compartimentos celulares. Dicho peróxido puede, a su vez, escindirse en el radical libre 

hidroxilo (●OH), que parece ser el principal agente implicado en el daño a 

macromoléculas (Figura 2). Otras ROS que destacan son el oxígeno singlete (1O2),  el 

ácido hipocloroso (HOCl) y el ozono (O3), los cuales contienen grupos reactivos pero no 

son radicales (Treinen y Smith, 1992; Vida et al., 2014).  

 

 

 

 

 

 

 

Fig. 2. Principales especies reactivas de oxígeno (ROS) y de nitrógeno (RNS) con 

importancia biológica. 
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Además de las ROS existen las denominadas especies reactivas de nitrógeno (RNS, 

de las siglas en inglés, “reactive nitrogen species”).  La generación catalítica de óxido 

nítrico (NO. ) por la enzima óxido nítrico sintetasa, va a ser clave en muchos procesos 

fisiológicos, pero también una fuente importante de oxidantes como el peroxinitrito 

(Figura 2). 

1. 2.1.1.Fuentes endógenas y exógenas de ROS 

Existen numerosos sitios de generación endógena de ROS, de los cuales, como 

más relevantes, se pueden citar: la cadena de transporte de electrones mitocondrial o 

cadena respiratoria (una de las fuentes más importantes de radicales libres en las células),  

los microsomas, los peroxisomas, el retículo endoplásmico, enzimas como la 

ciclooxigenasa o la xantina oxidasa, y las células inmunitarias, especialmente las 

fagocíticas (Phaniendra et al., 2015). Además, se puede mencionar la generación de ROS 

por reacciones de autooxidación, normalmente catalizadas por iones de metales de 

transición (Indo et al., 2014).  

Como factores exógenos tenemos a la radiación ionizante, la luz ultravioleta, la 

contaminación, el ozono presente en el aire, el humo del tabaco, o los pesticidas, entre 

otros (Phaniendra et al., 2015). 

1.2.1.2.Acciones oxidativas de las ROS 

Todas las macromoléculas biológicas son susceptibles de ser blanco por parte de 

los radicales libres.  

Daño oxidativo a los lípidos 

Los procesos de peroxidación lipídica, los primeros que se observaron de los 

mecanismos de daño a macromoléculas,  van a afectar a los lípidos de las membrana, y se 

desarrolla en tres etapas: 1) Iniciación, 2) Propagación y 3) Terminación. Así, esta 

peroxidación, que supone una reacción en cadena, puede extender el daño a muchas 

moléculas a lo largo de las membranas a partir de un foco inicial. La composición de 

ácidos grasos de esas membrana va a jugar un papel muy importante en los procesos de 

peroxidación lipídica, siendo los ácidos grasos poliinsaturados los más sensibles. Esto es 

especialmente importante en las mitocondrias y en las células inmunitarias, ya que 

presentan un elevado contenido en tales ácidos grasos y son la principal fuente de 

radicales libres (Meydani et al., 1995). Junto al daño directo a lípidos, la peroxidación 
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lipídica conlleva la formación de compuestos, producidos por fragmentación de ácidos 

grasos, como el malondialdehido (MDA), los cuales son capaces de reaccionar con otras 

macromoléculas, provocando un daño oxidativo secundario (Ayala et al., 2014). 

Daño oxidativo a proteínas 

La oxidación de proteínas, menos caracterizada que la de las otras macromoléculas, 

incluye la oxidación del esqueleto proteico y de los residuos de aminoácidos. Son 

frecuentes la oxidación de grupos sulfidrilo, la formación de grupos carbonilo, las 

reacciones con aldehídos, los entrecruzamientos proteína-proteína, la fragmentación 

peptídica y la conversión de aminoácidos en otros. El daño a las proteínas puede ser 

producido por mecanismos enzimáticos  y no enzimáticos. Cuando la proteína dañada es 

una enzima, generalmente provoca una pérdida de su actividad, convirtiéndola en una 

forma altamente susceptible a la degradación proteolítica por proteasas (Naudi et al., 

2009; Trnkova et al., 2015). 

Daño oxidativo al ADN 

Debido a los continuos procesos de degradación y de nueva síntesis que tienen 

lugar en las proteínas y los lípidos, el efecto más deletéreo del ataque oxidativo se va a 

producir en el ADN, que presenta un sistema de reparación mucho más complejo que 

otras macromoléculas, con la consiguiente generación de mutaciones y alteraciones 

genómicas. Se considera daño al ADN aquellas modificaciones que alteran sus 

propiedades codificadoras ó su normal replicación y transcripción. Incluye procesos 

como delecciones, translocaciones, desmetilaciones, puentes cruzados entre cadenas de 

ADN ó entre ADN y proteínas, fragmentaciones, rotura simple ó doble de la cadena y 

modificación de las bases. Tanto las bases pirimidínicas como las púricas son 

susceptibles al ataque oxidativo, si bien las más sensibles son las primeras. La base más 

empleada como marcador de ataque oxidativo al ADN es la guanina. La oxidación de esta 

base en su carbono 8 da lugar a la formación de la base modificada 8-hidroxiguanina. Su 

nucleósido, la 8- hidroxi-2’-deoxiguanosina (8 oxodG), es el biomarcador más utilizado 

para cuantificar el daño oxidativo al ADN (Pisoschi y Pop, 2015). Además de las bases, 

los azúcares y las proteínas, histonas y no histonas, pueden resultar dañadas. 

Recientemente la desmetilación oxidativa del ADN ha recibido un creciente interés por su 

papel en la expresión génica a través de la desmetilación epigenéticas del ADN y el ARN 

y de las histonas (Zheng et al., 2014).  
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1.2.2. Defensas antioxidantes 

La aparición del oxígeno en la Tierra supuso una presión evolutiva para los 

organismos que la habitaban entonces. A pesar de ser el oxígeno indispensable para el 

desarrollo de multitud de funciones, como la respiración mitocondrial para la obtención 

de ATP, dada su gran toxicidad al generar oxidación, los organismos o bien 

desaparecieron, o se vieron obligados a protegerse del mismo. Estos últimos optaron por 

refugiarse en ambientes donde no estuviera presente el oxígeno (organismos anaerobios) 

o, lo que hizo la gran mayoría de ellos, se adaptaron a vivir en esta nueva atmósfera que 

les proporcionaba mayor capacidad energética, pero desarrollando mecanismos 

endógenos de defensa que les permitieran protegerse de los efectos nocivos de este 

agente, así surgieron los antioxidante.  

Un antioxidante es la sustancia capaz de retrasar o de inhibir la oxidación de un 

sustrato oxidable cuando se encuentra presente en concentraciones bajas, en relación con 

las de éste último (Halliwell y Gutteridge, 1995). Así, los antioxidantes protegen a los 

sistemas biológicos frente a los efectos perniciosos de las reacciones que causan 

oxidaciones excesivas. Las defensas antioxidantes no son homogéneas, varían según el 

tejido, atendiendo al tipo de célula que lo constituye, estado fisiológico o requerimientos 

especiales. Estas defensas antioxidantes de origen endógeno pueden ser enzimáticas y no 

enzimáticas. No obstante, dada la abundante presencia de compuestos antioxidantes en 

vegetales y animales, muchos pueden ser incorporados al organismo mediante la dieta.  

La forma de clasificar los antioxidantes es muy variada, puede ser por: endógenos 

(enzimáticos y no enzimáticos) y exógenos, liposolubles e hidrosolubles, etc. 

Seguidamente se hará mención a los más estudiados y especialmente a los que son objeto 

de la presente tesis. 

 1.2.3.1. Antioxidantes endógenos 

Entre los antioxidantes endógenos enzimáticos, se pueden destacar (algunas 

aparecen en la Figura 3): 

La superóxido dismutasa (SOD), descubierta por McCord y Fridovich en 1969 en 

eritrocitos, es una de las primeras enzimas implicadas en la defensa antioxidante 

eliminando eficientemente el anión superóxido, transformándolo en peróxido de 

hidrógeno y oxígeno molecular. Existen varias formas moleculares de esta enzima, una de 
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las cuales es la Cu-ZnSOD, que contiene cobre y zinc en el centro activo, es dimérica y se 

localiza en citosol. Otra forma molecular es la Mn-SOD, que posee en su centro activo 

manganeso, es tetramérica y se localiza en las mitocondrias (Nordberg y Arnér, 2001).  

La catalasa (CAT) está presente en casi todas las células aeróbicas siendo 

especialmente abundante en los eritrocitos y las células hepáticas. Principalmente se 

encuentra en perosisomas, pero también, en menor abundancia en mitocondrias (Bai y 

Cederbaum, 2001). Su función principal es disminuir o anular la formación del radical 

hidroxilo a partir del peróxido de hidrógeno, cuya dismutación cataliza, impidiendo así su 

utilización en la reacción de Fenton (Halliwell, 1999; Vida et al., 2014).  

La glutatión peroxidasa (GPx) es una enzima que cataliza la reducción del 

peróxido de hidrógeno y de los lipoperóxidos, utilizando glutatión como sustrato 

reductor. En células de mamíferos se han descrito al menos 4 isoformas, las cuales 

contienen selenocisteína en su molécula. La amplia distribución y sus propiedades 

cinéticas avalan una contribución importante de esta enzima frente al daño oxidativo 

(Nordberg y Arnér, 2001; Deponte, 2013). 

La glutatión reductasa (GR) es la enzima que cataliza la reducción del glutatión 

oxidado (GSSG) a expensas de NADPH, con lo que se consigue reciclar el glutatión 

reducido (GSH). Este enzima, por tanto, mantiene elevada la relación GSH/GSSG en las 

células normales, impidiendo que se alcancen unos niveles de GSSG que podrían resultar 

muy tóxicos para las mismas (Deponte, 2013). 

 
Fig. 3. Algunas defensas antioxidantes enzimáticas (SOD, CAT, GPx, GR) y no 

enzimáticas (glutatión reducido: GSH). SOD: superóxido dismutasa; CAT: catalasa; 

GPX: glutatión peroxidasa; GR: glutatión reductasa. 
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Las tiorredoxinas (Trx) son enzimas antioxidantes ubicuas que cataliza la 

reducción de uniones disulfuro, por lo que están implicadas en muchos procesos celulares 

dirigidos al mantenimiento de la salud. Incluyen una serie de isoenzimas que contienen 

selenocisteína en su centro activo, localizadas en diversos compartimientos celulares, 

pero también son extracelulares, y participan en una amplia gama de funciones redox en 

el organismo (Collet y Messens, 2010; Lu y Holmgren, 2014). 

Entre los antioxidantes endógenos no enzimáticos se debe destacar: 

El glutatión (GSH), el principal tiol celular, fue descubierto por J. de Rey-

Pailhade hace más de 100 años y su estructura (L-g-glutamil-L-cisteinilglicina) (Figura 4) 

se dedujo en los años 30 del pasado siglo. El GSH se sintetiza a partir del L-glutamato, L-

cisteína y glicina mediante la g-glutamil-cisteína sintetasa y la GSH sintetasa en dos 

etapas consecutivas. El GSH está presente en el citoplasma, en donde se tienen los niveles 

más elevados de este antioxidante, pero también en el retículo endoplásmico, la 

mitocondria y en el núcleo, lo que le permite proteger a todas las macromoléculas, 

incluido el ADN, frente al daño oxidativo. Cuando las células se ven sometidas a una 

situación de estrés primero se consumen las reservas citosólicas y es la mitocondria la que 

conserva las últimas reservas de GSH. Esto prueba la relevancia de los niveles de GSH 

para un adecuado mantenimiento de la estructura y función mitocondrial. 

 
 Fig. 4. Estructura del glutatión 

La capacidad antioxidante del glutatión se debe a la actividad reductora del grupo 

tiólico de su cisteína que protege de la oxidación a los grupos -SH- de las proteínas. La 

reacción del GSH con el oxígeno da lugar a la forma oxidada (GSSG), la cual contiene un 

puente disulfuro. La continua generación de GSH, a partir de GSSG, con intervención de 

la glutatión reductasa (GR) y disponibilidad de equivalentes reductores, en forma de 
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NADPH, es esencial para preservar la integridad celular. El glutatión también puede ser 

reducido por la tiorredoxina. Antioxidantes, como el ácido lipoico y otros, contribuyen al 

aumento de la concentración celular de GSH, por su capacidad para reducir la cistina a 

cisteína, cuya disponibilidad es un factor limitante en la biosíntesis de glutatión.  

El GSH tiene muchas funciones, es cofactor de un gran número de enzimas, 

participa en síntesis y conformación de proteínas, síntesis de ARN y ADN, en vías 

metabólicas, mantiene la integridad estructural y funcional de las membranas y es un 

excelente protector frente a ROS y RNS. Por tanto, unos niveles de GSH adecuados son 

esenciales para muchos procesos celulares desde la liberación de neurotransmisores a la 

detoxificación de carcinógenos, así como para la supervivencia celular, por lo que su 

disminución o el desequilibrio en la relación GSSG/GSH se relaciona con el 

envejecimiento y toda una serie de enfermedades  (Viña, 1990; García de la Asunción et 

al., 1996; Kalinina et al., 2014).  

La tioprolina (TP) o ácido tiazolidín-4-carboxílico es un aminoácido sulfúrico 

cíclico con estructura similar a la prolina (Ratner y Clarke, 1937) (Figura 5). Es un 

metabolito natural de origen hepático (Carvallini et al., 1956) que actúa como 

antioxidante secuestrando radicales libres (Bollier y Martin, 1972; Weber et al., 1982). La 

TP se encuentra presente en las mitocondrias y puede ser un importante donante de L-

cisteína en la célula (Wlodek et al., 1995). De hecho, la administración oral de TP 

aumenta los niveles plasmáticos e intracelulares de cisteína, así como los niveles de GSH, 

tanto en individuos sanos (Porta et al., 1991), como en pacientes con VIH (Lederman et 

al., 1995).  También lo hace en ratas alimentadas con una dieta deficiente en compuestos 

tiólicos (Jain et al., 1995) y en ratones con una deficiencia en la enzima clave en el 

metabolismo del glutatión,  la gamma-glutamil transpeptidasa (Held y Harding, 2003). La 

TP ha sido ampliamente estudiada como posible tratamiento frente al cáncer, al restaurar 

la inhibición por contacto en el crecimiento de las células cancerosas (Gosálvez et al., 

1979; Tsuda, 1995; Satarug et al., 1996), controlando procesos carcinogénicos (Sasaki et 

al., 2007). Además, este antioxidante inhibe el crecimiento de bacterias, levaduras y 

hongos, no tiene efectos embriotóxicos o teratógenos y puede ser utilizado en altas dosis 

sin producir toxicidad, lo que le hizo idóneo como agente terapéutico en el tratamiento de 

varias enfermedades hepáticas y en desordenes gastrointestinales, en los que el aumento 

de ROS y una deficiencia tiólica fueran importantes factores patogénicos (Weber et al., 

1982).  
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La TP estimula la producción de ATP, lo que está en la base del papel estimulador 

de los procesos metabólicos que este antioxidante tiene en los organismos viejos, 

explicando su capacidad de aumentar la esperanza de vida de animales de 

experimentación (Oeriu y Vochitu, 1965; Miquel y Ecónomos, 1979) y de Drosophila 

melanogaster (Le Bourg, 2001). La administración de TP estimula también la biosíntesis 

de estrógenos en la glándula adrenal de ratas ovariectomizadas y la glicolisis y 

glucogénesis hepática en ratas viejas (Bartoc et al., 1975), habiendo sido propuesta su 

ingestión en la menopausia (Miquel et al., 2006). La ingestión de tioprolina aumenta la 

función neurológica y tiene capacidad anoréxica en ratones, lo que explicaría la 

supervivencia de los mismos tras su ingestión (Navarro et al., 2007).  

 

 

             Fig. 5. Estructura de la tioprolina 

 

 

 

La taurina (TAU) (ácido 2-aminoetanosulfónico) (Figura 6) es un aminoácido que 

se encuentra en estado libre en la mayoría de las células de mamíferos al no incorporarse 

a las proteínas, siendo especialmente llamativas las altas concentraciones que alcanza en 

el sistema nervioso central, en el cual es el aminoácido libre más abundante durante el 

desarrollo y el segundo, tras el glutamato, en la  edad adulta (Huxtable, 1992). Proviene 

de dos fuentes, la síntesis en el propio animal y la dieta. Cada vía tiene un aporte 

diferente dependiendo del grupo animal que se considere y el tipo de dieta. En general, 

los herbívoros pueden sintetizar toda la taurina que necesitan (la TAU es inexistente en el 

reino vegetal) (Huxtable, 1992), mientras que los carnívoros necesitan obtenerla por la 

dieta (Lleu et al., 1994). Los omnívoros sintetizan una proporción de TAU variable y 

requieren el aporte alimenticio (Sturman, 1990). Así, la biosíntesis de TAU es muy 

elevada en roedores, intermedia en primates e inexistente en felinos para los que este 

aminoácido es esencial. En los seres humanos se necesita un aporte nutricional de TAU 

ya que su biosíntesis es insuficiente para mantener las concentraciones plasmáticas 

(Sturman, 1993; Chesney et al., 1998). La síntesis de TAU se lleva a cabo a partir de 

cisteína (Stipanuk y Ueki, 2011). Es un aminoácido relativamente inerte desde el punto 

de vista metabólico (Huxtable, 1992; Sturman y Chesney, 1995). Se presenta como una 

molécula de baja liposolubilidad y, por tanto, con dificultad para atravesar las membranas 
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biológicas (Huxtable, 1992). El papel fisiológico de la TAU quedó evidente al 

comprobarse que en los gatos, en los que es un aminoácido esencial, cuando eran 

alimentados con dietas deficitarias en taurina sufrían degeneración de la retina (Sturman 

et al., 1994) y cardiopatías (Pion et al., 1998). La TAU puede actuar como 

neurotransmisor (Mori et al., 2002), en la osmorregulación (Deleuze et al., 2005), en la 

captación de calcio (El Idrissi, 2008) y como antioxidante (Pasantes-Morales y Cruz, 

1984; Huxtable, 1992). En este contexto, sus beneficiosos efectos controlando la obesidad 

(Murakami, 2015), la diabetes (Sirdah, 2015), la aterogénesis (Uitz et al., 2014) o en la 

función del músculo esquelético (Spriet y Whitfield, 2015), están siendo revisados 

actualmente. La homeostasis de la TAU en organelas y células permite entender sus 

múltiples papeles en diferentes procesos fisiológicos (Lambert et al., 2015). 

 

 

 

Fig. 6. Estructura de la taurina 

 

 

 

1.2.3.2. Antioxidantes exógenos 

Entre los numerosos antioxidantes exógenos, los biológicamente más conocidos 

son: la vitamina C, la vitamina E, el ácido lipoico, las ubiquinonas, los carotenoídes, los 

polifenoles y los que contienen sulfuro y son aportadores de glutatión. Seguidamente se 

hará mención de algunos de ellos y más específicamente de los que han sido estudiados 

en la presente tesis.  

Vitamina C 

La vitamina C o ácido ascórbico (AA) (Figura 7) es un antioxidante hidrosoluble 

de bajo peso molecular que se presenta en forma de ascorbato en todos lo compartimentos 

acuosos (citosol, plasma, líquido extracelular), considerándose como el antioxidante más 

importante y menos tóxico (Weber et al., 1996; Bendich, 1997). Se ha comprobado que 

su administración puede aumentar la actividad de enzimas antioxidantes como la 

glutatión peroxidasa (GPx) y la glutatión reductasa (GR) y disminuir el daño oxidativo, 
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aunque estos efectos no se dan a dosis muy altas (Barja et al., 1994; Polidori et al., 2004). 

Así, también se ha observado que puede ser, a altas concentraciones y en determinadas 

circunstancias, pro-oxidante y como tal estimula la peroxidación de biomoléculas, efectos 

observados in vitro, a concentraciones no fisiológicas y en presencia de metales como el 

hierro (Chakraborthy et al., 2014).  

 
 

Fig. 7 . Estructura química del ácido ascórbico y dehidroascórbico. 

 

La vitamina C se encuentra especialmente en la fruta fresca, en particular en los 

cítricos, y en los vegetales (Bendich, 1997), es transportada de forma general dentro de 

las células en su forma oxidada, como ácido dehidroascórbico (DHA), a través de 

transportadores de glucosa, presentes en todas las células, y como ácido ascórbico en 

células especializadas mediante transportadores de ácido ascórbico dependientes de sodio 

(Vera et al., 1993; Liang et al., 2001). Cuando el DHA utiliza los transportadores de 

glucosa es rápidamente reducido por la dehidroascorbato reductasa y atrapado en el 

interior de las células, donde se acumula en forma de ácido ascórbico (Vera et al., 1993).  

El ácido ascórbico (AA) es un micronutriente esencial para los seres humanos, los 

primates, las cobayas y otros animales, ya que han perdido la capacidad de sintetizar este 

compuesto como resultado de la mutación del gen que codifica la L-gulono-γ-lactona 

oxidasa, una enzima necesaria para la síntesis de esta vitamina a través de la ruta del 

ácido glucurónico (Woodall y Ames, 1997). Por tanto, la vitamina C, en esos animales, 

debe ser obtenida a través de la dieta. Sin embargo, la mayoría de los animales son 

capaces de sintetizar AA a partir de la glucosa en el hígado. En las especies en las que es 

una vitamina resulta crítico el funcionamiento de los sistemas antioxidantes que permiten 

su regeneración. Así, en células humanas, el principal sistema para reciclar el ascorbato 
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es el glutatión, pero existen mecanismos alternativos que funcionan en situaciones de 

estrés oxidativo, en las que se produce la depleción del tripéptido, como el sistema de las 

tiorredoxinas. De hecho, la concentración de ascorbato y glutatión se correlacionan de 

forma directa por ejemplo en los linfocitos humanos (Lenton et al., 2000), así al 

suplementar con vitamina C no solo se aumenta la concentración de ascorbato en estas 

células, también lo hace la del glutatión (Lenton et al., 2003). 

Actualmente, se sabe que la vitamina C es el antioxidante hidrosoluble más 

importante en el plasma de los humanos y en las células de los mamíferos, con 

mecanismos de reciclaje y acumulación contra gradiente, lo cual sugiere que debe 

desempeñar importantes funciones intracelulares (Duarte y Lunec, 2005). De hecho, 

numerosos estudios epidemiológicos sugieren que la vitamina C disminuye la incidencia 

y mortalidad de dos de las enfermedades que más prevalecen en el ser humano como son 

las enfermedades cardiovasculares y el cáncer, lo que parece deberse principalmente a su 

actividad antioxidante, aunque no se descarta la participación de otros mecanismos (Carr 

y Frei, 1999; Fritz et al., 2014; Berger y Oudermans-van Straaten, 2015). Además, en el 

cerebro, la concentración de vitamina C es 10 veces superior a la presente en la sangre 

(Agus et al., 1997), lo cual sugiere que tiene que desempeñar funciones importantes en 

este órgano, ya que se tiene que producir un transporte contra gradiente que permita que 

se acumule en esas elevadas cantidades. Así, se sabe que mejora la función cognitiva y la 

memoria en ratones (Arzi et al., 2004).  El ácido ascórbico no es capaz de atravesar la 

barrera hematoencefálica pero su forma oxidada, el ácido dehidroascórbico (DHA), sí 

puede entrar en el cerebro a través del transportador de glucosa GLUT-1 (que se expresa 

en las células endoteliales de dicha barrera) y allí queda retenido en forma de ácido 

ascórbico (Agus et al., 1997).  Este mecanismo es similar al que utiliza el ácido ascórbico 

para entrar y acumularse en la mitocondria, protegiéndola de este modo frente al daño 

oxidativo (Sagun et al., 2005). Se ha comprobado que la suplementación de la dieta con 

vitamina C (durante 5 semanas), en cobayas, aumenta la actividad de determinados 

enzimas antioxidantes como la GPx y la GR, y disminuye el daño oxidativo tanto de 

proteínas como de lípidos en el hígado (Cadenas et al., 1994; Barja et al., 1994). Es 

importante destacar, que tras la ingestión de dosis muy bajas ó muy altas, se observaron 

efectos adversos tales como una disminución del peso corporal de los animales, una 

disminución de la actividad GR, así como una disminución del grado de insaturación de 

los ácidos grasos de los lípidos de las membranas (Barja et al., 1994). La vitamina C tiene 

un papel relevante en el sistema inmunitario y en enfermedades inflamatorias crónicas 

(Sorice et al., 2014), evitando el daño oxidativo. Los efectos beneficiosos de la ingesta de 



Introducción 
 

 29 

vitamina C a corto plazo tiene lugar también en sujetos con una concentración de 

ascorbato basal relativamente elevada, luego no es necesario presentar un estado de 

deficiencia para observar los efectos positivos derivados de la ingesta de esta vitamina 

(Polidori et al., 2004). A pesar de toda la bibliografía científica existente sobre la 

vitamina C, su papel en la salud y enfermedad es todavía un tema de debate (Berger y 

Oudermans-van Straaten, 2015).  

Vitamina E  

La vitamina E es el principal antioxidante de las membranas lipídicas, protegiendo 

a estas del daño peroxidativo. El término genérico vitamina E engloba una serie de 

moléculas naturales que poseen actividad antioxidante vitamina E, y que  incluyen 4 

tocoferoles y 4 tocotrienoles (α, β, γ, δ, respectivamente) (IUPAC-IUB Joint Commission 

on Biochemical Nomenclature) (Meydani et al., 2005) (Figura 8). Estas moléculas son 

sintetizadas exclusivamente por organismos fotosintéticos, incluyendo plantas superiores, 

y se encuentran en todos los tejidos verdes, aunque también hay cierta cantidad de 

vitamina E en las semillas. Se piensa que están involucradas en las respuestas frente al 

estrés oxidativo en los cloroplastos de las plantas (Zingg y Azzi, 2004). El alfa-tocoferol 

es la forma más abundante en la naturaleza  y es además la forma que posee una mayor 

actividad biológica (Brigelius-Flohe y Traber, 1999). Además, el alfa-tocoferol es 

captado, transportado y retenido en el organismo de forma mucho más eficiente que otros 

derivados naturales ó sintéticos, y aunque el proceso de degradación es común para todas 

las formas, es el alfa-tocoferol el que se degrada en una proporción menor, lo cual podría 

explicar, al menos en parte, las diferencias observadas en relación con la actividad 

biológica de otros esteroisómeros (Brigelius-Flohe, 2005). La actividad de este 

compuesto se debe al carácter reductor del grupo hidroxilo de su anillo cromanol (Maes 

et al., 1996), que al actuar como antioxidante se consume y se transforma en radical 

tocoferilo. Se ha propuesto que el ascorbato y el GSH, dos antioxidantes que actúan de 

manera cooperativa, serían los reductores fisiológicos del radical tocoferilo (Burton et al., 

1983). Conviene resaltar, en este punto, que la importancia de un antioxidante no depende 

únicamente de su concentración y actividad sino también de su capacidad para 

interaccionar con los sistemas que lo regeneren (Brohée y Neve, 1995).  

La vitamina E fue descrita por primera vez en 1922 por Evans y Bishop como un 

nutriente esencial para la reproducción de las ratas (Evans y Bishop, 1922). Fue 

redescubierta en los años 50 por Klaus Schwarz y situada en el contexto de los sistemas 
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celulares antioxidantes, junto con los aminoácidos que contienen grupos sulfuro y el 

selenio (Schwarz, 1965). En un principio el interés por esta vitamina se centró en su 

función antioxidante, como mecanismo de protección frente a la oxidación de los lípidos, 

evitando la propagación de la peroxidación lipídica que conlleva el deterioro funcional de 

las células (Tappel, 1962; Burton et al., 1983; Niki, 1987; Ingold et al., 1993; Packer, 

1994). Su capacidad para detener el proceso de peroxidación lipídica es resultado de la 

reacción más rápida por parte de los tocoferoles y tocotrienoles con los radicales peroxilo, 

que la reacción de estos radicales con los ácidos grasos y las proteínas de membrana 

(Zingg y Azzi, 2004; Janisch et al., 2005).  Así, la suplementación con vitamina E en 

situaciones de severo estrés oxidativo, previene la disfunción mitocondrial y disminuye el 

daño oxidativo (Ham y Liebler, 1997). Sin embargo, en los últimos 20 años se le han 

atribuido otras funciones alternativas, independientes de su función antioxidante. Estas 

incluyen la regulación de procesos de señalización celular, de determinadas actividades 

enzimáticas, así como de la expresión génica (Azzi, 2004; Zingg y Azzi, 2004; Brigelius-

Flohe, 2005). Por ello, la vitamina E tiene gran importancia para el mantenimiento y 

desarrollo de muchas funciones fisiológicas, por lo que su deficiencia supone un deterioro 

del organismo en muchos aspectos y es un riego para padecer muchas enfermedades 

(Comstock et al., 1997; Traber, 1999, 2014).  

Hay que tener en cuenta el hecho de que la concentración de vitamina E, tras una 

suplementación de la misma, puede variar en función de los tejidos y las regiones de la 

célula que se consideren, siendo el hígado, y especialmente sus mitocondrias, donde se 

encuentran las concentraciones más elevadas de esta vitamina tras su ingestión (Sumien 

et al., 2003). Es interesante destacar que la función de esta vitamina es específica para 

determinados tipos celulares, pudiendo llevar a cabo funciones opuestas sobre diferentes 

células. De este modo,  la vitamina E inhibe la producción de PGE2 en macrófagos pero 

es capaz de estimular la producción de esta molécula en células endoteliales  (Wu et al., 

2005). 

La vitamina E es absorbida, con los lípidos de la dieta y la bilis, en el duodeno, 

no habiendo selectividad respecto al tipo de tocoferol al ser todos absorbidos por igual 

(Zingg y Azzi, 2004). 
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Fig. 8. Estructura química de los isómeros de la vitamina E 

 

La vitamina E una vez absorbida es incorporada en los quilomicrones y tras entrar 

en la circulación, es específicamente reconocida y retenida en el hígado por la proteína 

citosólica α-TTP (α-tocopherol transfer protein), la cual determina los niveles 

plasmáticos de esta vitamina al controlar su incorporación a las VLDL. Así, la afinidad 

entre la proteína α-TTP y el α-tocoferol parece ser determinante  en su actividad 

biológica (Mardones y Rigotti, 2004; Zingg y Azzi, 2004). La captación de la vitamina E 

por los diferentes tipos celulares tiene lugar a través del receptor de superficie clase B de 

tipo I (SR-BI), al menos en ratones, aunque se desconoce su presencia en los humanos 

(Mardones y Rigotti, 2004). Por último, todas las formas homólogas de la vitamina E son 

degradadas mediante el mismo mecanismo, que comienza con una ω-hidroxilación, 

catalizada por enzimas citocromo P450, seguida de una β-oxidación. Los productos 

finales son conjugados y eliminados por la orina (Brigelius-Flohe, 2005). 

El papel de la vitamina E en la salud y la enfermedad sigue siendo objeto de 

debate. No obstante, los datos recientes indican que en un rango de 23-800 UI/día su 



Introducción 
 

 32 

ingestión no afecta la mortalidad  (Curtis et al., 2014) y puede tener efectos positivos en 

muchos aspectos fisiológicos, tanto en estado de salud como en algunas enfermedades 

(Rizvi et al., 2014).  

Los polifenoles 

Los polifenoles son compuestos ampliamente distribuidos en el reino vegetal que 

están formados por uno o más anillos fenólicos. Actualmente se conocen en torno a unos 

8000 polifenoles, clasificados en 16 clases, de las cuales los más conocidos son los 

estilbenos, ácidos fenólicos y flavonoides, y siendo los dos últimos grupos en los que se 

encuentran un mayor número de compuestos polifenólicos, especialmente en los 

flavonoides. Tanto es así, que en algunas clasificaciones se habla de sólo dos grandes 

grupos de polifenoles, los flavonoides y los no-flavonoides. Existe una extensa literatura 

acerca de las diferentes y numerosas propiedades de los polifenoles, como agentes 

antioxidantes, antialérgicos, anti-inflamatorios, antivirales y anticarcinogénicos 

(Havsteen, 2002). Los mecanismos de acción de los polifenoles van más allá de la 

modulación de las rutas relacionadas con el estrés oxidativo. Un hecho importante a 

considerar es que dependiendo de su polaridad, absorción, metabolismo y formas 

circulantes, los polifenoles pueden actuar como antioxidantes en la fase acuosa o en el 

medio lipofílico (Eastwood, 1999), al tener un coeficiente de partición intermedio. Este 

coeficiente es una medida útil para determinar la función biológica de un compuesto, 

mostrando los antioxidantes liposolubles altos coeficientes de partición y los 

hidrosolubles bajos. Entre la enorme variedad de compuestos polifenólicos, muy 

presentes en la dieta humana al encontrarse en frutas, verduras y bebidas (vino, té, café, 

chocolate,..), se van a comentar brevemente los grupos mencionados haciendo mayor 

hincapié en los ácido fenólicos y los flavonoides, todos ellos con una clara capacidad 

barredora de radicales libres.  

Dentro de los estilbenos, el compuesto más conocido y el que está recibiendo 

mayor atención es el resveratrol, presente en el vino tinto, en la uva y en los cacahuetes. 

Se sabe que posee propiedades antioxidantes, pero también antitumorales y estrogénicas, 

presentando efectos beneficiosos en la obesidad, diabetes, alteraciones neurológicas,  y se 

ha comprobado aumenta la longevidad saludable (Gambini, 2007; Kovacic y 

Somanathan, 2010; Park y Pezzuto, 2015; Bhullar y Hubbard, 2015).  

Los ácidos fenólicos son polifenoles que pueden ser clasificados en derivados del 

ácido benzoico y derivados del ácido cinámico, siendo los segundos los más comunes. 
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Todos ellos presentan una fuerte capacidad antioxidante y son considerados de gran 

importancia nutricional. Algunos de estos ácidos fenólicos, especialmente los  

encontrados en los cereales, serán descritos brevemente a continuación.  

El ácido ferúlico es un derivado del ácido cinámico (Figura 9A), cuyo potencial 

antioxidante deriva de su capacidad para detener de forma eficaz las reacciones en cadena 

de los radicales libres, lo que se ha observado en macrófagos y neuronas en cultivos 

(Ogiwara et al., 2002). El ácido ferúlico de la dieta presenta una buena farmacocinética 

en los seres humanos, sin embargo, en ratas, aunque es absorbido tras la administración 

oral, su biodisponibilidad está muy disminuida, probablemente debido al acceso limitado 

de las enzimas del tracto digestivo al sustrato fenólico (Adam et al., 2002). 

  

 

Fig. 9. Estructura de varios antioxidantes fenólicos. A: Ácido ferúlico. B: Orizanol. C: 

Cumárico. D: Vanílico. 

  

El orizanol es un éster del ácido ferúlico (Figura 9B) con una importante actividad 

antioxidante, que se ha manifestado eficaz en el tratamiento de la aterosclerosis. El ácido 

p-cumárico es otro miembro de la misma familia de los anteriores, derivado en este caso 

del ácido fenólico (Figura 9C). Presenta capacidad antioxidante, protegiendo del estrés 

oxidativo al neutralizar radicales libres y, consecuentemente, inhibir la peroxidación 
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lipídica y disminuir el daño al ADN (Guglielmi et al., 2003; Abdel-Wahab et al., 2003). 

El ácido vanílico (Figura 9D) pertenece también a la familia de los ácidos fenólicos, 

siendo un antioxidante capaz de inhibir la peroxidación lipídica, con una actividad más 

elevada en la forma esterificada que en la forma libre (Baublis et al., 2000). El ácido 

sinápico (Figura 10) es otro de los ácidos fenólicos derivados del ácido cinámico que 

presenta una potente actividad antioxidante, con alta capacidad para inhibir la oxidación 

de las LDL (Andreasen et al., 2001). 

 

Fig. 10. Estructura del ácido sinápico 

 

 

El ácido p-hidroxibenzoico es también un ácido fenólico, pero derivado del 

ácido benzoico, que además de mostrar propiedades antibacterianas e hipoglucémicas, es 

un importante antioxidante natural (Phan et al., 2001). Se podría mencionar también otros 

ácidos fenólicos como el ácido gálico que es un derivado del ácido benzoico, con 

capacidad antifúngica, antioxidante y antiinflamatoria (Kwon et al., 2004).  

Los flavonoides, son el grupo de compuestos polifenólicos más abundantes, que 

desde el punto de vista estructural (Figura 11) tienen un anillo bencénico (A) inserto en 

un anillo heterocíclico (C) que tiene en C2 un grupo fenilo. Son componentes esenciales 

de la dieta que contribuyen a la regulación del estado redox celular y poseen propiedades 

antialérgicas, hepatoprotectoras, antitrombóticas, antivirales, anticarcinogénicas, anti-

inflamatorias y antioxidantes, con un claro papel inhibidor de la peroxidación lipídica 

(Middleton et al., 2000; Rice-Evans, 2001).  

 

 

Fig. 11. Estructura básica de un flavonoide 
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Los flavonoides más abundantes de la dieta son los flavanoles (como la 

catequinas), pero también se pueden encontrar flavonoles (como la quercitina), 

flavanonas (como la naringenina), flavonas (como la apigenina) e isoflavonas (como la 

genisteina). La biodisponibilidad de estos compuestos es muy variable (Scalbert et al., 

2002). Todos estos compuestos presentan propiedades antioxidantes y anti-inflamatorias.  

Así, las catequinas (Figura 12A), pueden inhibir factores de transcripción, como NF-kB 

y AP-1, enzimas “pro-oxidantes” tales como la oxido nítrico sintetasa inducible (iNOS), 

la ciclo-oxigenasa (COX) o la xantina oxidasa (XO), e inducir enzimas antioxidantes, 

como la glutation S-transferasa o la SOD (Frei y Higdon, 2003). La epigalocatequina-3-

galato (EGCG), un importante componente del té verde, reduce de forma significativa los 

niveles plasmáticos de ADN y proteínas oxidadas, siendo un relevante antioxidante, anti-

inflamatorio, anticancerigeno e inmunoregulador (Brausi et al., 2008; Gu et al., 2013). La 

rutina (Figura 12B) es un glucósido de la quercetina capaz de neutralizar de forma eficaz 

la producción de radicales libres y disminuye el daño oxidativo e inflamatorio (Shen et 

al., 2002; Selloum et al., 2003).  

Otro flavonol relevante de la dieta, aunque no se estudie en la presente tesis, es la 

quercetina.  Muestra una elevada actividad antioxidante (Hu et al., 2000) y anti-

inflamatoria (Shen et al., 2002), lo que hace tenga un papel importante en la prevención 

de enfermedades neurodegenerativas, mejorando la memoria y cognición, como se ha 

comprobado en ratones envejecidos (Patil et al., 2003).  

 

 

Fig. 12. Estructura de varios flavonoides: A. Catequina, B: Rutina. 

 

Otros antioxidantes 

 El ácido lipoico y su forma reducida, el ácido dihidrolipoico son potentes 

antioxidantes capaces de eliminar ROS (Packer et al., 2001). La interacción del ácido 

lipoico con otros antioxidantes in vivo, evita los síntomas de deficiencia de vitamina C y 

E. Los carotenos, que como los tocoferoles son muy lipofílicos, son antioxidantes en las 
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membranas celulares y en las lipoproteínas. Se han detectado importantes funciones de 

estos compuestos y resultados paradójicos (Gammone et al., 2015). El licopeno es un 

potenete antioxidante de la familia de los carotenoides, muy abundante en el tomate, con 

elevada capacidad para proteger al ADN y la proteínas del daño oxidativo (Pirayesh 

Islamian y Mehrall, 2015). Aunque la ubiquinona o coenzima Q/Q10 es el único 

antioxidante liposoluble que se sintetiza en el organismo, y presenta una importante 

capacidad para evitar la peroxidación lipídica y eliminando el anión superóxido y los 

radicales lipídicos (Packer et al., 2001), muchas investigaciones se focalizan en su papel 

protector, especialmente mitocondrial, por aporte exógeno (Miquel, 2002; Enriquez y 

Lenaz, 2014). 

Antioxidantes exógenos que contienen sulfuro 

N-acetilcisteína 

La N-acetilcisteína (NAC) es una forma acetilada del aminoácido cisteína (Figura 

13), que le hace ser mucho más estable que este aminoácido. Un estudio que compara la 

NAC con otros compuestos con cisteína revela que solamente el 16% de la NAC se oxida 

en el estómago, mientras lo hace el 75-100% de los otros (Bonahomi y Gazzaniga, 1980). 

La NAC es un precursor de la síntesis de glutatión (De Flora et al., 1991) y estimula la 

actividad de la enzima glutatión reductasa, que cataliza la regeneración del tripéptido. 

También estimula las enzimas detoxificantes (GSH S-transferasas, diaforasas, etc) (De 

Flora et al., 1995) y otras antioxidantes como las enzimas SOD, CAT y GPx (Zaragoza et 

al., 2000). 

La capacidad antioxidante de la NAC está claramente demostrada, neutralizando 

directamente radicales libres producidos en procesos inflamatorios (Gressier et al., 1994). 

Esta acción antioxidante también se pone de manifiesto en situaciones de un fuerte estrés 

oxidativo como el shock endotóxico (Victor y De la Fuente, 2003a; Víctor et al., 

2003a,b,2005). No obstante, altas dosis de NAC pueden demostrar un efecto pro-oxidante 

(Sprong et al., 1998). La NAC es capaz de aumentar la supervivencia celular (Yan y 

Green, 1998). Se sabe que la NAC reduce la activación de NF-kB, la cual, puede ser 

desencadenada por varios factores entre los que destacan las ROS (Cotgreave, 1997; Kim 

et al., 2000; Víctor et al., 2003a), demostrando ser una buena terapia anti-inflamatoria. 

Así, aunque el uso más extendido de la NAC ha sido como agente mucolítico, los efectos 

beneficiosos del tratamiento con NAC a nivel clínico son en la actualidad ampliamente 

aceptados para muchas enfermedades (Banaclocha, 2001; Dodd et al., 2008; Lasram et 
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al., 2015). Se ha comprobado que la NAC aumenta las actividades del complejo I y IV en 

mitocondrias sinápticas de ratones envejecidos, lo que sugiere una acción directa de éste 

antioxidante tiólico en la cadena respiratoria mitocondrial, efecto que ocasiona un 

aumento en disponibilidad de ATP, y por lo tanto, una protección en el mantenimiento de 

la capacidad bioenergética mitocondrial (Banaclocha, 2001). 

 

 

Fig. 13. Estructura de la N-acetilcisteina 

 

 

 

 

1.2.3. El estrés oxidativo  

Se denomina estrés oxidativo a la situación en la que las células están expuestas a 

un ambiente pro-oxidante que ha sobrepasado los mecanismos de defensa antioxidante 

llegándose a un desequilibrio del balance oxidantes/antioxidantes en favor de los 

primeros, afectándose el estado redox celular (Sies, 1986). Las concentraciones 

endógenas de ROS, que inevitablemente se producen al utilizar el oxígeno, deben ser 

moduladas por la presencia de las defensas antioxidantes con las que cuentan las células, 

pero estas defensas no son eficaces al 100%, y por ello en condiciones normales pueden 

detectarse ROS, y por tanto, las células se encuentran sometidas a un estrés oxidativo 

crónico, lo que llevaría a una acumulación en el daño celular. Un hecho importante a 

destacar es que las ROS, dependiendo de cantidad, localización y duración pueden ejercer 

desde efectos de daño oxidativo (en alta cantidad) a regular cascadas de señalización 

celular necesarios para la vida (en más baja cantidad) (Brieger et al., 2012). Así, un cierto 

grado de estrés oxidativo es un hecho en todas las células, incluso en las de individuos 

jóvenes y sanos (Sies, 1986; Sohal y Weindruch, 1996), pero el problema es el exceso de 

ROS y la presencia de un claro estrés oxidativo, lo que conduce al envejecimiento y la 

enfermedad.  
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1.3. EL PROCESO DE ENVEJECIMIENTO 

 

1.3.1. Definición del envejecimiento y la longevidad 

No es fácil definir el proceso de envejecimiento, de hecho, hay numerosas 

definiciones, pero en todas se recoge la misma idea: cambios que se van sucediendo en 

nuestras células y tejidos con el paso del tiempo, que suponen una pérdida progresiva de 

rendimiento fisiológico y una incapacidad para mantener la homeostasis, aumentándose 

el riesgo de tener enfermedades y de muerte. Por ello, aunque el envejecimiento no es una 

enfermedad, los cambios que experimenta el organismo con el paso del tiempo facilitan el 

padecerla. El eminente gerontólogo Strehler (1977), indicó cuatro reglas para el 

envejecimiento: es universal (tiene lugar en todos los individuos), es endógeno o 

intrínseco (las causas del proceso tienen un origen interno), es progresivo (la tasa de 

cambios es similar a lo largo de todo el proceso), y es deletéreo (tiene un acusado carácter 

perjudicial para el individuo, aunque no para la especie).  

Actualmente, en el caso del ser humano, el envejecimiento, está resultando ser un 

problema en los países “desarrollados”. Esto se debe a que en ellos los avances 

alcanzados en el ámbito sanitario y social están permitiendo aumentar nuestra 

“longevidad media”, la cual es actualmente en España de algo más de ochenta años en las 

mujeres y de casi ochenta en los hombres, cifras que, lógicamente varían según el país 

considerado (De la Fuente, 2005). La longevidad media o “esperanza de vida media”, 

representa la media de años que viven los individuos de una población y depende, 

prioritariamente, de factores de estilo de vida. Dado que empezamos a envejecer una vez 

que hemos alcanzado nuestra edad reproductora, los 20 años en el ser humano, el periodo 

más largo de nuestra vida es en el que pasamos envejeciendo. El proceso de 

envejecimiento culmina al cumplirse el tiempo que representa la “esperanza de vida 

máxima” o “longevidad máxima”, esto es, la edad máxima alcanzable por los individuos 

pertenecientes a una especie concreta, hecho que viene determinado genéticamente. 

Como miembros de la especie Homo sapiens sapiens podemos llegar a los más o menos 

120 años que ya indicaba el Génesis podría vivir el hombre. Así, los avances sanitarios y 

un adecuado estilo de vida no nos harán superar mucho esos 120 años, pero pueden 

permitirnos una mayor longevidad media. De hecho, si los genes pueden participar en un 

25% de esa longevidad media, el estilo de vida podría hacerlo en un 75% (De la Fuente, 

2009b). 
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1.3.2.Teorías sobre el envejecimiento 

Para poder entender el proceso de envejecimiento hay que encontrar respuestas 

apropiadas a tres preguntas sobre el mismo: ¿cómo se envejece?; ¿dónde se inicia y 

desarrolla el proceso de envejecimiento?; ¿por qué tiene lugar este proceso?. El análisis 

de los mecanismos que determinan la duración de la vida de los animales, incluido el ser 

humano, se inicia cuando el desarrollo de las ciencias experimentales permiten abordar 

adecuadamente estas cuestiones, hecho que sucede principalmente en el siglo XX. 

Aunque hay muchas teorías del envejecimiento, Medvedev en 1990 ya recopiló cerca de 

300, se pueden agrupar en los siguientes grandes apartados. En uno de ellos estarían las 

“Teorías deterministas”, todas aquellas que consideran a los genes como únicos 

responsables del envejecimiento. Este proceso estaría, para dichas teorías, genéticamente 

programado. Las teorías de este grupo, en el que se incluyen, por ejemplo, la del límite 

mitótico de Hayflick o la del acortamiento de los telómeros han sido desechadas para 

poder explicar el cómo se envejece. En otro gran grupo estarían las “Teorías 

estocásticas” o “epigenéticas”, en las que teniendo en cuenta la participación de los genes 

otorgan también un papel relevante a los factores ambientales. En este grupo se habla de 

acumulación progresiva y al azar de daños irreversibles para entender el envejecimiento. 

Es en este grupo en el que se incluyen las basadas en el envejecimiento de los sistemas 

fisiológicos, las teorías metabólicas, contexto en el que puede incluirse la teoría de la 

“restricción calórica”, y la “la teoría de los radicales libres o de la oxidación”, la que 

mejor indica el cómo se produce el proceso del envejecimiento, y la “teoría 

mitocondrial del envejecimiento”, que nos dice dónde empieza este proceso. Otro grupo 

de teorías serían las “evolutivas”, que nos explican el por qué del envejecimiento, siendo 

relevante la de Williams que sugiere que el envejecimiento sería consecuencia de los 

efectos secundarios del producto de genes que son beneficiosos para conseguir el máximo 

rendimiento funcional en la edad de la reproducción, y así perpetuar la especie, aunque 

esos mismos genes resulten desventajosos después, pues la selección actúa antes de la 

edad adulta, y son las necesidades de mantenimiento de la especie y no las del individuo 

las que interesan biológicamente (Miquel, 2009; De la Fuente, 2009b). 

1.3.3. La edad biológica 

Un hecho que es evidente en ese progresivo proceso que es el envejecimiento, es 

su enorme heterogeneidad. El envejecimiento se asocia con una gran variedad de 

alteraciones a todos los niveles de organización biológica, que van afectando de forma 
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diferente a los diversos órganos y sistemas de cada individuo y a los distintos individuos 

de una especie. Así, se hace evidente que el “tiempo biológico” que se manifiesta en los 

organismos no siempre coincide con el  “tiempo cronológico” que miden los relojes, no 

tiene lugar al mismo ritmo (Soler y Miquel, 2009). Este hecho se empezó a estudiar en los 

años cincuenta del pasado siglo, y fue en principio introducido por las compañías de 

seguros de EEUU. MacFarland en 1953 estableció el término de “edad funcional”, 

utilizando este concepto en los pilotos de las líneas aéreas para decidir la edad de 

jubilación. La OMS aceptó esa idea en 1963 como criterio de jubilación, al encontrar que 

la edad funcional era más equitativa para ello que la edad cronológica. El concepto de 

“edad biológica” fue desarrollado por Confort en 1969, siendo más amplio que el de 

“edad funcional” al incluir no sólo parámetros funcionales, también no funcionales. A lo 

largo de los años setenta, una serie de estudios, algunos llevados a cabo con un gran 

número de individuos y de forma longitudinal durante un periodo de tiempo, van a ir 

acreditando el valor predictivo de la “edad biológica” como indicador de longevidad 

(Furukawa et al., 1975; Borkan y Norris, 1980). Este tema se sigue en los años ochenta y 

noventa con otra serie de investigaciones entre las que se pueden mencionar la de Hawai 

dirigido por Befante y colaboradores o la llevada a cabo por Miquel y colaboradores en 

España. Estos últimos establecieron un útil “Biograma” o “Gerograma” para detectar esa 

edad biológica en nuestro país (Benfante et al., 1985; Soler et al., 1990,1992; Soler y 

Miquel, 2009). Ya en nuestro siglo se han seguido algunas, aunque escasas, 

investigaciones en este sentido (Mitnitski et al., 2002; Ueno et al., 2003; Bae et al., 2008; 

Bai et al., 2010; Belsky et al., 2015). Para determinar esa “edad biológica” es necesario la 

utilización de “biomarcadores”, los cuales son una serie de parámetros bioquímicos, 

fisiológicos y psicológicos que cambian con la edad y que pueden ser sometidos a análisis 

estadísticos para poner de manifiesto las relaciones entre edad biológica, edad 

cronológica, pérdida de salud y expectativas de longevidad. El encontrar y validar 

marcadores de edad biológica es algo que no se ha conseguido todavía con un claro 

consenso y que representa un importante campo de investigación en gerontología. De 

hecho, nuestro grupo de investigación es posiblemente el que más ha avanzado en este 

sentido aportando la determinación de la edad biológica mediante la valoración de una 

serie de parámetros inmunitarios (De la Fuente, 2012; 2014). Dado que la edad biológica 

nos indica la velocidad a la que cada individuo envejece y, consecuentemente, su 

esperanza de vida, la determinación de esta edad y el efecto que sobre la misma pueda 

tener los estilos de vida, se muestran fundamentales para conseguir una longevidad 

saludable (Soler y Miquel, 2009; De la Fuente, 2009a,b).  
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1.4. EL ENVEJECIMIENTO DEL SISTEMA INMUNITARIO: LA 

INMUNOSENESCENCIA 

El deterioro que manifiesta el sistema inmunitario con la edad, suceso que se 

denomina inmunosenescencia, es un hecho evidente y en la actualidad científicamente 

demostrado. De hecho, es conocido que al envejecer tienen lugar una mayor incidencia de 

fenómenos autoinmunes, infecciones y canceres, patologías que indican la presencia de 

un sistema inmunitario poco eficiente (Hirokawa et al., 1992). Además, el mayor 

porcentaje de muertes en la vejez tiene lugar por esos procesos patológicos, 

especialmente como consecuencia de los infecciosos (High, 2004). Tal es la importancia 

de una correcta inmunidad en el mantenimiento de la salud que una de las teorías sobre el 

por qué se produce el envejecimiento, la “teoría inmunitaria”, hace responsable de las 

alteraciones que tienen lugar en el organismo con el paso del tiempo a los cambios que 

acontecen en el sistema defensivo (Makinodan, 1977; Makinodan y Kay, 1980; Walford, 

1969,1987), una idea que se sigue manteniendo (Fulop et al., 2014). De hecho, como 

antes se ha comentado, el estado inmunitario se considera determinante de la morbilidad 

y mortalidad que se da en el ser humano al avanzar la edad (Wayne et al., 1990). No 

obstante, puede ser entendible que, a pesar de haberse producido en los últimos años un 

aumento en los estudios sobre inmunosenescencia, dado lo complejo y heterogéneo que 

es el envejecimiento y el sistema fisiológico que nos ocupa, con sus variadas poblaciones 

y subpoblaciones celulares, las interacciones entre las mismas y con las de otros sistemas 

fisiológicos, no se sepa todavía adecuadamente ni de forma completa lo que sucede en el 

sistema inmunitario al envejecer.  

Aunque las células inmunitarias modifican su estructura y capacidad funcional al 

avanzar la edad, no todas parecen manifestar un claro deterioro. Las hay que se 

encuentran más activadas y otras no muestran cambios sustanciales al envejecer. Por ello, 

se ha sugerido que lo que se produce al envejecer es una “reestructuración” del sistema 

inmunitario (Pawelec et al., 2002; Alonso-Fernandez y De la Fuente, 2011) que afecta a 

cada componente de este sistema y a las interacciones entre los mismos (Aw et al., 2007; 

De la Fuente, 2009a). Además, la inmunosenescencia es un proceso en continuo 

desarrollo con complejas reorganizaciones y mecanismos compensatorios (Globerson y 

Effros, 2000). De este modo, la inmunosenescencia puede ser considerada como una 

prueba de que los efectos beneficiosos del sistema inmunitario en su labor de neutralizar 

los agentes nocivos en edades tempranas de la vida puede volverse perjudicial en la vejez, 
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etapa de la existencia que constituye un plazo no previsto por la evolución (De Martinis 

et al., 2005).  

El que todavía existan bastantes controversias sobre las modificaciones que 

experimenta la respuesta inmunitaria con el envejecimiento puede deberse a lo indicado y 

a otra serie de causas.  Entre tales causas podrían citarse, por ejemplo, el que los 

leucocitos de las diversas localizaciones (los de los diferentes órganos 

inmunocompetentes y los de sangre periférica) no manifiestan de igual manera los efectos 

del envejecimiento.  También, hay que considerar las diferencias que hay entre especies, 

así como la diversidad interindividual que se manifiesta en cada especie, de forma 

evidente en el ser humano, pero también en los animales de experimentación. Factores 

nutricionales, psicológicos o ambientales influyen decisivamente en la funcionalidad 

inmunitaria. Otro hecho es la dificultad de tener una estandarización en las técnicas que 

analizan la función leucocitaria, de modo que cualquier cambio metodológico, por 

insignificante que parezca, la presencia de unas u otras células en los estudios ex vivo, el 

momento del día o del año en que se llevan a cabo los experimentos, la utilización de 

machos o hembras, ente otros, son factores que puede dar un resultado diametralmente 

opuesto (De la Fuente y Medina, 2005; Alonso-Fernandez y De la Fuente, 2011; Maté et 

al., 2014; Manassra, 2014).  

1.4.1.Cambios cuantitativos en las poblaciones leucocitarias 

Uno de los aspectos mejor estudiados de los cambios que experimenta el sistema 

inmunitario con la edad hace referencia a las variaciones que acontecen en la 

composición de las poblaciones leucocitarias así como en la expresión de sus marcadores 

de superficie. Un hecho que tiene lugar al envejecer es que se pierde el equilibrio entre el 

linaje mieloide y el linfoide, mostrándose una tendencia hacia los progenitores mieloides 

en detrimento de los linfoides (Shaw et al., 2010). Esto podría explicar el que al avanzar 

la edad los componentes del linaje mieloide no experimentan, en general, disminuciones 

en su porcentaje y número, hecho que sí sucede en el linfoide. Así, los fagocitos de 

sangre periférica, neutrófilos y monocitos, parecen no alterar su número con la edad 

(Lord et al., 2001; Ahluwalia et al., 2001; Schröder y Rink, 2003), aunque hay 

aportaciones no coincidentes (Morrison et al., 1993). Lo que también se ha descrito es 

cambios en los fenotipos de estas células que apuntan a un estado de mayor activación en 

las personas mayores (Globerson y Effros, 2000). Respecto a los macrófagos, los trabajos 

existentes son menos numerosos que en otros fagocitos y que en linfocitos, pero se ha 
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comprobado que, en ratones, el número de estas células no varía cuando se comparan 

animales adultos y viejos  (Herrero et al., 2002). No obstante, habría que tener en cuenta 

el tipo de tejido en el que se encuentran estas células, no teniéndose actualmente un 

consenso en este sentido (Brubaker et al., 2011). En los macrófagos peritoneales 

(CD11b+), hay trabajos de nuestro grupo de investigación que muestran una disminución 

con la edad, lo que se ha atribuido al aumento en la capacidad de adherencia de estas 

células a los tejidos peritoneales  (Puerto et al., 2005a; Arranz et al., 2010b). 

Las células NK también experimentan cambios con el envejecimiento. Numerosos 

autores han detectado un aumento de las mismas, con la edad, en sangre periférica 

humana (Solana et al., 1999; Solana y Mariani, 2000; Camous et al., 2012), 

especialmente aquellas con una expresión tenue del marcador CD56dim, que son las 

encargadas de la función citotóxica. Sin embargo, las NK en ratones, caracterizadas por el 

marcador NK1.1, disminuyen en el peritoneo al envejecer (Puerto et al., 2005a). 

Los linfocitos T (CD3+) se encuentran en menor número al avanzar la edad, 

debido al proceso de involución tímica (Boyd et al., 2013). No obstante, no todas las 

subpoblaciones de células T experimentan los mismos tipos de cambios al envejecer. Los 

linfocitos T CD4+, o bien no experimentan modificaciones o disminuyen a edades 

avanzadas, mientras los TCD8+, según la mayoría de los investigadores, aumentan en 

número (Pawelec, 2012). Por ello, la relación CD4+/CD8+ disminuye con la edad 

(Pawelec, 2012), aunque también se ha encontrado que no hay variación en este cociente 

en el bazo (Simioni et al., 2007). Además, en ambas subpoblaciones las células vírgenes 

(CD45RA+) son las que principalmente van disminuyendo, mientras que aumentan las 

memoria (CD45RO+) (Romanyukha y Yashin, 2003; Pawelec, 2012), hecho que se ha 

relacionado con la estimulación antigénico crónica a lo largo de toda la vida (Franceschi 

et al., 2000a). También en estas subpoblaciones se ha visto una pérdida de expresión del 

marcador CD28, esencial para la activación de las células T, siendo, además, los 

linfocitos CD4+CD28- y los CD8+CD28- potentes secretores de citoquinas pro-

inflamatorias (Zanni et al., 2003), lo que contribuiría a que al aumentar la edad se 

tuviesen mayores niveles de compuestos de inflamación. Al envejecer aparece un 

desequilibrio entre las subpoblaciones Th1/Th2 dándose una mayor producción de los 

Th2 y, consecuentemente de las citoquinas que los mismos liberan como la IL-4, IL-5, Il-

6 e IL-8  (y que están más relacionadas con la respuesta inmunitaria humoral en la que se 

implican los anticuerpos) y una menor de las Th1, como la IL-2, el interferon gamma 

(IFNγ), la IL-12 o la IL-15, relacionadas con una respuesta de tipo celular. Otro hecho 
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que hay que tener en cuenta son los cambios que al envejecer experimentan toda una serie 

de otras subpoblaciones de células T, como las Th17, o las reguladoras como las Th9, 

Th22 (todas ellas productoras de las interleuquinas de esa numeración: IL-17, IL-9, Il-22, 

respectivamente), o la Tr1 (TGFb), Tr3 (IL-10), entre otras (Aw et al., 2007; Annunziato 

y Romagnani, 2009; Noelle y Nowak, 2010).  

Los linfocitos B y sus precursores medulares disminuyen con la edad, a pesar de 

que la médula ósea no involuciona al envejecer como lo hace el timo (Frasca et al., 2003, 

2008). Además, las células pre-B muestran una menor capacidad para madurar hacia 

células B y una elevada susceptibilidad a la apoptosis (Allman y Millar, 2005). No 

obstante, el número de células secretoras de anticuerpos parece aumentar con la edad, 

especialmente las CD5+ que generan más autoanticuerpos (Weksler, 2000). De forma 

similar a lo que sucede con los linfocitos T, se han descrito variaciones diferentes en los 

linfocitos B memoria y en los “vírgenes” en sangre periférica de ancianos (Colonna-

Romano et al., 2002,2006).  

1.4.2. Cambios funcionales en el sistema inmunitario con la edad  

La “remodelación” que experimenta el sistema inmunitario con el envejecimiento 

se aprecia de forma más relevante en la capacidad funcional de sus células. Así, hay 

parámetros que aumentan, otros disminuyen y otros no se modifican (Pawelec et al., 

2002; De la Fuente, 2009a; Desai y Landay, 2010; Agarwal y Busse, 2010; Alonso-

Fernández y De la Fuente, 2011). 

En lo que respecta a las células que llevan a cabo una respuesta inmunitaria innata, 

a pesar de que en el pasado se consideraba que jugaban un papel poco relevante en el 

deterioro inmunitario de la vejez, las aportaciones de las últimas décadas desmienten esta 

idea, habiéndose observado que experimentan cambios con el envejecimiento (Shaw et 

al., 2010; Hajishengallis, 2010). En el caso de los fagocitos, hay trabajos que indican que 

la función de los mismos está preservada con la edad, mientras que otros muestran 

cambios en casi todas las funciones de estas células, disminuyendo algunas al envejecer 

pero estimulándose otras (Lord et al., 2001; De la Fuente et al., 2004a,b; Aw et al., 2007; 

De la Fuente, 2009a; Arranz et al., 2010a; Wessels et al., 2010; Alonso-Fernandez y De la 

Fuente, 2011). Las células fagocíticas siguen una serie de etapas en su proceso de 

ingestión y destrucción de los agentes patógenos. En primer lugar se adhieren a las 

paredes de los vasos o a los tejidos en los que se encuentran, para posteriormente 

moverse, lo que fundamentalmente realizan de forma dirigida por el gradiente químico 
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que se crea desde el foco infeccioso y que les permite acercarse al mismo, es la propiedad 

denominada quimiotaxis. Una vez que estas células llegan al foco infeccioso y contactan 

con los agentes extraños se unen a ellos y los fagocitan, incluyéndolos en vacuolas, 

fagosomas, iniciándose la etapa de destrucción de tales agentes. En este paso del proceso 

se dan una serie de mecanismos, los más relevantes conllevan el aumento del consumo de 

oxígeno, la activación de una enzima, la NADPH oxidasa (Nox), y la consecuente 

producción de radicales libres, el primero de los cuales es el anión superóxido (O2.-), que 

posteriormente dará otros radicales y ROS (Figura 14). Estos radicales permitirán 

procesar los microorganismos fagocitados para la posterior presentación de los 

“determinantes antigénicos” a los linfocitos T, que de esta forma pueden reconocerlos.  

Fig. 14. Etapas del proceso fagocítico en macrófagos. 

Los neutrófilos de sangre periférica son células que viven pocas horas (8-12 horas 

en circulación), independientemente que hayan encontrado o no un microorganismo que 

destruir, y las primeas que llegan al sitio de agresión para eliminar directamente a los 

microorganismos invasores, siendo su activación y reclutamiento en los tejidos 

periféricos fundamental para la defensa del organismo (Shaw et al., 2010).  Así, la 

pérdida progresiva de la funcionalidad de los neutrófilos se considera una causa primaria 

del aumento de morbilidad y mortalidad debidas a las infecciones que ocurre en las 

últimas décadas de la vida (Tortorella et al., 1999, 2001). Aunque hay resultados 

contradictorios, en general se acepta que los neutrófilos muestran una mayor adherencia, 

una menor quimiotaxis y capacidad fagocítica y alteraciones en la actividad microbicida 
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al avanzar la edad. En este ultimo aspecto, se ha descrito, en sujetos viejos, una menor 

desgranulación de enzimas líticas en respuesta a un péptido de las membranas de las 

bacterias como el fMLP, pero la producción de radicales libres como el anión superóxido 

puede aparecer, al envejecer, sin cambios, aumentada, o en muchos casos disminuida 

(Simell et al 2011; Tsukamoto y Machida, 2012; Maté, 2015). Estos hechos, con las 

contradicciones apuntadas y especialmente según el método de estudio empleado, se 

encuentran en las otras células fagocíticas al envejecer (De la Fuente, 2009; Alonso-

Fernández y De la Fuente, 2010; Arranz et al., 2010a; Maté, 2015). Concretamente, los 

macrófagos suponen una población con una gran heterogeneidad, tanto funcional como 

fenotípica, la cual parece deberse en gran medida a su capacidad para adaptarse a los 

cambios en el microambiente que les rodea. De hecho, se ha postulado la hipótesis de que 

las alteraciones que experimentan los macrófagos con la edad son el resultado de esas 

adaptaciones al ambiente tisular que les rodea (Stout y Suttles, 2005). Dentro de esta idea, 

se encuentra la indicación de que el envejecimiento no influye en la misma medida a 

macrófagos procedentes de diferentes localizaciones (Kohut et al., 2004). 

Las alteraciones funcionales de las NK con la edad pueden contribuir a la mayor 

incidencia de enfermedades infecciosas y especialmente neoplásicas (Albright et al., 

2004; Le Garff-Tavernier et al., 2010). De hecho, la actividad NK es uno de los 

parámetros que se relaciona con la susceptibilidad a padecer infecciones y el aumento de 

muerte en la vejez, tanto en  los seres humanos como en los roedores  (Ogata et al., 2001; 

Aw et al., 2007). La actividad citotóxica por célula disminuye claramente en la vejez 

(Arranz et al., 2008,2010a; Maté, 2015), lo cual no impide que existan trabajos en los que 

se indica un aumento de esta función o la ausencia de cambios en la misma. Esa 

disminución de la actividad NK con el envejecimiento, mayoritariamente detectada, 

podría explicar el aumento del número de las células NK que se observa al avanzar la 

edad. La expansión de células NK podría constituir un mecanismo compensatorio de la 

menor funcionalidad de las mismas. Sin embargo, las causas de esa menor actividad NK 

son aún poco conocidas, no debiéndose ni a una menor unión célula efectora-diana, ni al 

contenido, distribución y utilización de las perforinas. Podrían implicarse ciertos cambios 

en marcadores de superficie que experimentan estas células (Aw et al., 2007), pero 

también al hecho de que la funcionalidad de las células NK está modulada por citoquinas. 

Entre esas citoquinas se puede destacar la IL-2, en respuesta a la cual las células NK no 

sólo aumentan su actividad citotóxica, también proliferan y liberan otras citoquinas como 

IFNγ y quimioquinas como IL-8. Las variaciones con la edad en las citoquinas, que se 
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comentará más adelante, pueden condicionar muchas de las respuestas celulares 

indicadas. 

Los linfocitos T son las células más estudiadas en el contexto de la 

inmunosenescencia y las que experimentan en mayor medida el deterioro funcional como 

consecuencia del envejecimiento (Pawelec et al., 2002, Pawelec, 2014). Actualmente se 

piensa que este hecho es un fenómeno multifactorial. Así, se pueden mencionar: las 

alteraciones en las “células madre” que van a generar estos linfocitos, las que aparecen en 

el microambiente tímico, los cambios en las subpoblaciones y en la expresión de 

moléculas de superficie antes indicados, la mayor susceptibilidad a la apoptosis y otras 

modificaciones que experimentan las células maduras, o las variaciones en la señalización 

intracelular que se generan tras la unión de los ligandos a los correspondientes receptores 

de las células T. En este sentido se ha comprobado que al envejecer hay una disminución 

en la formación de inositol trifosfato (IP3) y de diacil glicerol (DAG), diferencias en las 

isoformas de la fosfolipasa C (PLC) y de la proteína quinasa C (PKC) y, en general, un 

alterado funcionamiento de las quinasas (Pawelec et al., 2002, 2010). En lo que respecta a 

la atrofia tímica (Lynch et al., 2009), hecho que sucede a una edad bastante temprana, se 

han propuesto muchas teorías, algunas sumamente curiosas, para explicarla, pero ninguna 

ha sido totalmente aceptada como válida. Sin embargo, hay datos que indican que dicha 

atrofia no impide el total funcionamiento de este órgano, e incluso que unas adecuadas 

células T maduras pueden mantener su integridad en la vejez. No obstante, el conservar el 

timo más allá de la edad reproductora es para algunos investigadores un lujo innecesario, 

pues ya se han conseguido las células T memoria que se requieren para responder a los 

posibles antígenos con los que se enfrentará el individuo en lo que le queda de vida. 

Además, al envejecer hay un elevado número de células T que se diferencian 

extratímicamente, lo que puede ser un excelente mecanismo compensador de la atrofia 

tímica.  

Una de las funciones más destacadas de las células T es su proliferación en 

respuesta a un antígeno o expansión clonal. Hay bastantes investigaciones que 

demuestran que la capacidad proliferativa de los linfocitos en respuesta a mitógenos 

(usados en el laboratorio para mimetizar la respuesta in vivo a los antígenos) va 

disminuyendo de forma significativa durante el envejecimiento, tanto en humanos como 

en animales de experimentación (Pawelec et al., 2002; De la Fuente, 2009a; Arranz et al., 

2008;2010a). Este deterioro en la proliferación y también en la producción de IL-2 

durante el envejecimiento, es específico de las células T vírgenes y no se ha observado en 
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las células T de memoria (Adolfsson et al., 2001). Es interesante indicar que esa menor 

proliferación y secreción de IL-2, junto con un alto porcentaje de CD8+, se han propuesto 

como marcadores predictivos de mortalidad (Pawelec et al., 1995; Ferguson et al., 1995). 

Como paso previo a la proliferación los linfocitos deben adherirse al endotelio y los 

tejidos y migrar al sitio de reconocimiento antigénico, dos funciones no específicas que 

comparten con otras células inmunitarias como los fagocitos. En esa función de 

adherencia participan las moléculas de adhesión, cuya expresión en las células aumenta al 

envejecer (De Martines et al., 2000). No obstante, la capacidad de migrar hacia el sitio de 

reconocimiento antigénico, propiedad que recibe el nombre también de quimiotaxis, se 

encuentra disminuida al envejecer (De la Fuente, 2009a; Arranz et al., 2010a; Huang et 

al., 2011). 

Los linfocitos B han sido mucho menos estudiados que los T en cuanto a las 

alteraciones que experimentan con la edad, pero también manifiestan senescencia 

(Ademokun et al., 2010). Los cambios en las células B parecen deberse en gran parte a 

una deficiente colaboración por parte de las T (Malaguarnera et al., 2001). Una clara 

manifestación del deterioro de la respuesta inmunitaria humoral al envejecer es la 

deficiente generación de anticuerpos específicos en respuesta a la vacunación en ancianos 

(Song et al., 1999; Ongradi y Kövesdi, 2010). La capacidad proliferativa de los linfocitos 

B, al igual que pasa con los T, está disminuida en la vejez (Frasca et al., 2003), pero se ha 

observado o una falta de cambios o un aumento de las inmunoglobulinas circulantes, 

especialmente de autoanticuerpos (Weksler, 2000).  

Las modificaciones con la edad en las citoquinas que producen y liberan las 

diferentes células inmunitarias es también un aspecto interesante que ha sido 

ampliamente examinado con el fin de dilucidar posibles mecanismos de 

inmunosenescencia. Hay que tener en cuenta que las citoquinas regulan la función 

inmunitaria, desempeñando un papel fundamental tanto en su iniciación como en su etapa 

efectora. Las alteraciones en la red de citoquinas al envejecer es más complicado que el 

simple cambio unidireccional hacia las Th2, antes comentado.  La IL-2, y es 

unánimemente aceptado, disminuye al envejecer (Pawelec et al., 2002; De la Fuente, 

2009a; Arranz et al., 2010c). También lo hace la Il-12 o el IFγ. Otras citoquinas como la 

IL-4, la IL-5, la IL-6 o la IL-8 aumentan con la edad, aunque como en casos anteriores 

hay trabajos que obtienen resultados en los que esas citoquinas o no se modifican o 

disminuyen. Esos datos apuntan a un cambio en el perfil Th1/Th2 al envejecer, como se 

ha comentado anteriormente. Aunque los resultados son muy contradictorios, pues 
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además dependen de en qué contexto fisiológico se valoren esas citoquinas (Maté, 2015), 

se puede decir que al avanzar la edad aumentan las citoquinas pro-inflamatorias (como el 

TNFα o la IL-6) y disminuyen las anti-inflamatorias como la IL-10 (Pawelec et al., 2002; 

De la Fuente, 2009a; Arranz et al., 2010b). Ese aumento, al envejecer, de las citoquinas 

más implicadas en la respuesta humoral y en la inflamación (Th2) podría explicar la 

mayor susceptibilidad a padecer enfermedades autoinmunitarias e inflamatorias. Por su 

parte, la menor presencia de citoquinas implicadas en la respuesta celular (Th1) estaría en 

la base de la pérdida de respuesta frente a las infecciones y al desarrollo tumoral que se 

da en el envejecimiento. Además, determinados perfiles de citoquinas como es unos bajos 

niveles de IL-6 y elevados de IL-10 o IL-15 se ha asociado con una mayor longevidad 

(Mariani et al., 2002a,b).  

1.4.3. Cambios en la comunicación neuroinmunoendocrina con la edad 

Al envejecer todos los sistemas reguladores se deterioran, no sólo el inmunitario, 

que se ha comentado anteriormente, también el sistema nervioso y el endocrino, así como 

lo hace la comunicación entre dichos sistemas (De la Fuente, 2009a). Precisamente este 

hecho tan relevante hizo que se emitiera otra de las numerosas teorías sobre el 

envejecimiento, la que atribuye los cambios que suceden durante el mismo a dicha 

alteración en la comunicación neuroinmunoendocrina, la cual sería la que subyace al 

aumento de morbilidad y mortalidad que tiene lugar al aumentar la edad (Fabris, 1991; De 

la Fuente et al., 2005; De la Fuente, 2009a). 

En este contexto hay que situar la inadecuada respuesta al estrés como uno de los 

hechos que mejor definen el envejecimiento de los individuos. Este hecho va a repercutir 

en una mala salud inmunitaria y, en general, en la de los otros sistemas fisiológicos, lo 

que supone un peor envejecimiento (McEwen, 2002; Blalock, 2005; Bauer, 2005; Bauer 

et al., 2009; Cruces et al., 2014a). De hecho, el estrés se considera hoy cómo un claro 

factor de riesgo para acelerar el proceso normal de envejecimiento, la inmunosenescencia 

y la aparición de las enfermedades asociadas a la vejez, como las neurodegenerativas 

(Espinosa-Oliva et al., 2011; Machado et al., 2014). 

Es difícil determinar si con el envejecimiento, son los cambios neurológicos los 

que inducen modificaciones inmunológicas o si son las alteraciones de la función 

inmunitaria las que provocan cambios en el sistema nervioso, o si bien ambos procesos 

tienen lugar simultáneamente, lo que parece ser lo más probable según algunos autores 

(Bellinger et al., 2001). No obstante, nuestro grupo ha comprobado que al envejecer las 
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células inmunitarias no responden o cambian su respuesta a los neurotransmisores y 

hormonas, independientemente de la cantidad en que les lleguen (De la Fuente et al., 

2000, 2001a y b; De la Fuente y Medina, 2005). 

 

1.5. OXIDANTES Y ANTIOXIDANTES EN EL SISTEMA INMUNITARIO. 

CAMBIOS CON LA EDAD  

Como ya se ha indicado con anterioridad, el funcionamiento de nuestro organismo 

se basa en un perfecto equilibrio entre niveles de oxidantes (ROS) y de antioxidantes. La 

pérdida de este equilibrio, por un exceso de la producción de los primeros o por una 

menor disponibilidad de los segundos, conllevaría una situación de estrés oxidativo que 

subyace al envejecimiento y la enfermedad. La idea central de la hipótesis del estrés 

oxidativo en la senescencia reside en que la producción de ROS aumenta al envejecer, 

siendo el daño oxidativo que induce el principal factor causal que subyace a la pérdida de 

las funciones fisiológicas con el envejecimiento (Sohal y Weindruch, 1996; Kokoszka et 

al., 2001; Sastre et al., 2003; Vida et al., 2014). Hay que tener en cuenta que la 

modificación del equilibrio existente entre ROS/defensas antioxidantes se puede reflejar 

en alteraciones de funciones celulares como la proliferación, la apoptosis y la 

senescencia. Los cambios que se producen en la funcionalidad de las células inmunitarias 

con el envejecimiento podrían ser debidos al estrés oxidativo crónico que experimentan 

las mismas con el paso del tiempo (De la Fuente et al., 2005; Vida et al., 2014). Estudios 

de nuestro grupo han revelado un paralelismo del envejecimiento a lo que acontece 

cuando a los animales se les genera un “shock endotóxico”, un proceso en el que tiene 

lugar un estrés oxidativo agudo, el producido por una septicemia. De hecho, en animales 

con ese shock letal aumentan los niveles de oxidantes en los leucocitos peritoneales y 

disminuyen las defensas antioxidantes, existiendo un comportamiento en las funciones de 

las células inmunitarias en las horas de supervivencia del animal semejante al que tiene 

lugar con el envejecimiento (Víctor y De la Fuente, 2003a,bc; Victor et al., 2005). 

1.5.1. Producción de oxidantes en el sistema inmunitario. Cambios con la 

edad 

Existen claras evidencias de que muchos tipos celulares, como fibroblastos, células 

epiteliales y endoteliales, linfocitos, células NK y especialmente fagocitos, producen 

ROS para llevar a cabo sus funciones biológicas. Las ROS van a tener efectos tanto 
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beneficiosos como perjudiciales sobre las distintas estirpes celulares, dependiendo de su 

concentración, localización y presencia de sistemas de control (Babior, 2000; Babior et 

al., 2002; Cook-Mills, 2002; Brieger et al., 2012; Paiva y Bozza, 2014). El sistema 

inmunitario tiene una funcionalidad particularmente ligada a la liberación de radicales del 

oxígeno, ejerciendo las células inmunitarias su función defensiva de eliminación de 

patógenos y células extrañas mediante la utilización de ROS, por lo que los leucocitos 

son una fuente importante de oxidantes (Vida et al., 2014).  

Las células fagocíticas, como macrófagos y neutrófilos, producen ROS como 

respuesta a la activación que sufren al fagocitar, proceso en el que se da un aumento del 

consumo de oxígeno estableciéndose lo que se denomina "estallido respiratorio". En el 

proceso participa una de las isoformas de la familia de enzimas Nox, la Nox 2, que está 

en células inmunitarias (De la Fuente et al., 2011). Esta NADPH oxidasa se localiza en la 

cara citoplásmica de la membrana plasmática y se constituye como una cadena de 

electrones cuando el fagocito se ve expuesto a estímulos tales como compuestos 

quimioatrayentes ó partículas opsonizadas, dándose una cascada de formación de ROS la 

primera de las cuales es el anión superóxido (Figura 15). Este sistema enzimático de la 

NADPH oxidasa está constituido por cuatro componentes: la proteína heterodimérica de 

membrana flavocitocromo b588 (compuesta por gp91phox y p22phox), las GTPasas Rac1 y 

Rac2, y un componente adicional, p40phox (Babior et al., 2002). Emplea como dador de 

electrones NADPH y requiere como coenzimas una flavoproteína, una ubiquinona 

(ubiquinona 10) y un citocromo b (denominado b-245 atendiendo al potencial redox o 

citocromo b558 o b559 atendiendo a la longitud de onda de la banda a del citocromo 

reducido) (Halliwell y Gutteridge, 1989; Cross et al., 1990). El anión superóxido se 

metaboliza hacia peróxido de hidrógeno y puede seguir dos vías, la generación del radical 

hidroxilo o la formación de varios productos tóxicos en presencia de haluros y de la 

mieloperoxidasa. El anión superóxido participa en la acción microbicida temprana de los 

macrófagos peritoneales, a diferencia del óxido nítrico (NO.) producido por la óxido 

nítrico sintasa inducible (iNOS) que interviene tanto en esta fase temprana como en la 

tardía del proceso. El peróxido de hidrógeno a altas concentraciones es un agente 

germicida, y también lo es el hidroxilo, participando esas ROS en la actividad destructora 

de microorganismos y también en la citotóxica y tumoricida de estas células (Klebanoff, 

1980; Mytar et al., 1999; Vazquez-Torres et al., 2000; Babior, 2002; Gwinn y Vallyathan, 

2006; Paiva y Bozza, 2014). 
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En la actividad citotóxica llevada a cabo por las células NK también se liberan 

grandes cantidades de ROS, al igual que en los linfocitos, donde juegan un importante 

papel en la señalización intracelular y la proliferación. Esa producción de ROS 

representa, por tanto, el inicio de los mecanismos que constituyen la respuesta 

inmunitaria, en los que tiene un papel relevante la activación del factor de transcripción 

NF-kB   (Higuchi y Nagahata, 1998; Suzuki y Ono, 1999; Vázquez-Torres et al., 2000; Li 

y Verma, 2002; Vida et al., 2014; Paiva y Bozza, 2014).  

Las células inmunitarias son, además,  muy sensibles a la oxidación, debido al 

alto porcentaje de ácidos grasos poliinsaturados presentes en sus membranas, el papel 

crítico de la señalización celular asociada a las mismas y la expresión génica que 

requieren en su labor defensiva (Meydani et al., 1995). Por todo ello, el sistema 

inmunitario es un claro ejemplo de la necesidad de mantener el equilibrio 

oxidantes/antioxidantes antes menciado. 

 

 

 

 

 

 

 

 

Fig. 15. Principales especies reactivas de oxígeno (ROS) implicadas en la capacidad 

microbicida en un leucocito típico. 
 

La producción de ROS aumenta al envejecer en las células inmunitarias (De la 

Fuente, 2009a; De la Fuente et al., 2011; Vida etal., 2014) al igual que la generación de 

compuestos inflamatorios, siendo inflamación y oxidación dos proceso íntimamente 

relacionado (Vida et al., 2014). Como factores proinflamatorios que forman las células 

inmunitarias en su función defensiva, y que podrían aumentarse al envejecer, se pueden 

citar el factor de necrosis tumoral alfa (TNFα), la prostaglandina E2 (PGE2) y el óxido 

nítrico (NO), entre otros. Centrándonos brevemente en el TNFα  por ser uno de los 

factores estudiados en la presente tesis, se ha comprobado que a bajas concentraciones, 
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promueve la respuesta inmunitaria y retrasa la apoptosis de neutrófilos (Van der Berg et 

al., 2001),  sin embargo, altas concentraciones de esta citoquina potencian el shock 

séptico (Pierre, 1992) y aumenta la apoptosis de neutrófilos (Van der Berg et al., 2001). 

Numerosos trabajos apuntan a que los niveles de esta citoquina proinflamatoria aumentan 

con la edad (Ginaldi et al., 1999a,b; Pedersen et al., 2000; Tang et al., 2000; Ortega et al., 

2000a; Lord et al., 2001; De la Fuente et al., 2001a; De la Fuente et al., 2004) y en 

ratones con envejecimiento prematuro (Guayerbas et al., 2002c, 2004). La elevada 

liberación de esta citoquina es uno de los hechos que más claramente se relaciona con un 

estado de estrés oxidativo del individuo (Víctor y De la Fuente, 2002b), lo que podría 

manifestar la presencia de dicho estado en la vejez (Meydani et al., 1998).  

1.5.2. Los antioxidantes en el sistema inmunitario. Cambios con la edad 

Numerosas evidencias experimentales apoyan la asociación entre una ingesta 

inadecuada de energía y macronutrientes y/o una deficiencia de micronutrientes 

específicos en la dieta, con un empeoramiento de la función inmunitaria (Miquel, 2002; 

Calder y Kew, 2002; Chandra, 2002,2004; Marcos et al., 2003; Marcos, 2011). Este 

deterioro del sistema inmunitario incide directamente en la salud del huésped y puede 

disminuir su longevidad debido a una mayor incidencia de enfermedades infecciosas, 

aumentando así la tasa de mortalidad (Aspinall, 2000; Ginaldi et al., 2001; Chandra, 

2004). Por este motivo, se ha generado un interés creciente en el conocimiento de 

alimentos con propiedades inmunomoduladoras que, en general, se acogen a la 

denominación de “alimentos funcionales”, los cuales deben servir para  aumentar la salud 

y la calidad de vida reduciendo el riesgo de padecer enfermedades. De todos los 

nutrientes, los que tienen carácter antioxidante parecen ser una buena estrategia para 

mejorar la funcionalidad de las células del sistema inmunitario, dada la producción de 

ROS que realizan para llevar a cabo su función asociado al elevado consumo de sus 

antioxidantes intracelulares (Hernanz et al., 1990; De la Fuente et al., 2011; Vida et al., 

2014). Este hecho es especialmente relevante durante el envejecimiento, dado que los 

individuos viejos tiene más riesgo de tener una pobre nutrición y un mayor estrés 

oxidativo (Chandra, 2004; Chernoff, 2005; De la Fuente et al., 2005). Así, en personas 

mayores se produce una clara deficiencia en la toma de estos micronutrientes, lo cual es 

debido en parte a los cambios fisiológicos asociados al envejeceimiento, pero también a 

factores sociales y económicos (Chernoff, 2005).  Precisamente uno de los hechos que 

sustenta la teoria de la oxidación en el envejecimiento es la comprobación de que tras la 

administración de antioxidantes a animales de experimentación como los ratones, estos 
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aumentan su vitalidad y esperanza de vida (Miquel y Ecónomos, 1979; Guayerbas, 2003). 

También, la administración de antioxidantes puede retrasar el estrés oxidativo y el 

deterioro fisiológico asociado al envejecimiento normal y patológico (Sastre et al., 2000; 

Hasnis y Reznick, 2003; Massip et al., 2010; De la Fuente et al., 2011). No obstante, hay 

algunos resultados que no parecen apoyar esta idea de un mayor bienestar y longevidad 

tras la administración de antioxidantes, siendo las dosis utilizadas uno de los factores que 

más inciden en los resultados tan contradictorios (Viña et al., 2007). De hecho, se ha 

propuesto un papel hormético para los antioxidantes de la dieta, con una dosis-respuesta 

en forma de U en lo que respecta a la situación redox del organismo (Calbrese et al., 

2010). 

A continuación se detallan los efectos que sobre el sistema inmunitario 

tienen los antioxidantes que han sido estudiados en la presente tesis.  

1.5.2.1. El ácido ascórbico (vitamina C) y el sistema inmunitario. Cambios  

con la edad 

Aunque ya hace casi un siglo que se sugirió el papel que la vitamina C podía tener 

en las infecciones respiratorias, no fue hasta 1970, con la aparición del bestseller “La 

vitamina C y el resfriado común”, escrito por el nobel Linus Pauling, cuando la vitamina 

C se asumió que era capaz de prevenir y aliviar las infecciones (Hemilä, 2003). 

Los mecanismos por los cuales la vitamina C afecta al sistema inmunitario son 

poco conocidos, aunque ya hace unos años se apuntó el relevante papel de esta vitamina 

en la homeostasis de dicho sistema (Weber et al., 1996). De hecho, los leucocitos 

presentan altas concentraciones de ácido ascórbico, las cuales disminuyen durante los 

procesos infecciosos y el estrés (Wintergerst et al., 2006), ya que estas células utilizan 

dicho ácido cuando están llevando a cabo su función (Hernanz et al., 1990). Así, la 

disminución de las concentrtaciones de vitamina C en las células inmunitarias se asocia 

con una menor capacidad funcional de las mismas (Schwages et al., 1998). Por otra parte, 

toda una serie de trabajos demuestran la capacidad moduladora que tiene el ácido 

ascórbico en las funciones de los fagocitos, la proliferación de las células T, la actividad 

NK, la producción de citoquinas e inmunoglobulinas, la expresión génica de moléculas de 

adhesión, así como la de otros genes implicados en procesos inflamatorios, tanto en el 

hombre como en animales de experimentación (Leibovitz y Siegel, 1981; Ganguly y 

Waldman, 1985; Rayment et al., 2003; Hartel et al., 2004; Alvarado et al., 2005, 2006a,b; 
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Duarte y Lunec, 2005; Majewicz et al., 2005; Stadler et al., 2007; Shaik-Dasthagirisaheb 

et al., 2013; Manning et al., 2013; Sorice et al., 2014; Uchio et al., 2015). El principal 

papel que lleva a cabo el ácido ascórbico en las células inmunitarias es contribuir al 

mantenimiento de la integridad redox de las mismas, protegiendolas de las ROS que se 

producen en la respuesta inflamatoria, no habiendo podido ser asociado a un concreto 

mecanismo inmunológico. Por ello, se ha sugerido que la vitamina C no tiene efectos 

protectores específicos (Hemilä. 2003), siendo un modulador indirecto de las células 

inmunitarias (Maeng et al., 2009). No obstante, hay resultados que demuestran los efectos 

positivos que la vitamina C presenta, de forma concreta, en diferentes funciones 

relevantes de las células inmunitarias. Así, esta vitamina estimula la actividad NK frente 

a tumores (Vodjani et al., 2000), y la proliferación de los linfocitos, con una mayor 

producción de citoquinas e inmunoglobulinas (Kelley y Bendich, 1996; Jeng et al., 1996; 

De la Fuente y Víctor, 2001). Uno de los mecanismos que se han propuesto para explicar 

este efecto, es la inhibición de las rutas de señalización de la apoptosis de las células 

linfoides por parte de la vitamina C (Campbell et al., 1999; Perez-Cruz et al., 2003). En lo 

referente al papel de este antioxidante en la producción de citoquinas, Härtel et al. (2004) 

indicaron que la vitamina C es capaz de influir de forma selectiva en las mismas, tanto en 

monocitos como en linfocitos, dependiendo el efecto del tipo de esímulo y de célula 

estudiada. Por ejemplo, la vitamina C inhibe la producción de IL-6 y TNFα pero no de 

IL-1 e IL-8 en monocitos, e inhibe la producción de IL-2 pero no de TNFα e IFNγ en 

linfocitos. No obstante, este antioxidante, al igual que hacen otros, parece mantener una 

adecuada respuesta inmunitaria mediante la producción necesaria de citoquinas Th1 

proinflamatorias (Wintergerst et al., 2006). No obstante, la vitamina C es capaz de inhibir 

la expresión de la molécula de adhesión ICAM-1 en monocitos, así como de su receptor, 

en individuos con niveles plasmáticos de ascorbato bajos (Rayment et al., 2003), lo que 

indica un papel modulador del estado inflamatorio.   

La vitamina C suele ser deficiente en individuos viejos (Chandra, 2004; Chernoff, 

2005). De hecho al envejecer, la concentración de ascorbato en plasma y en los linfocitos 

disminuye entorno a un 20% (Lenton et al., 2000), habiéndose observado que es el único 

antioxidante cuyas concentraciones bajas en los mayores puede predecir la mortalidad 

(Fletcher et al., 2003). Sin embargo, los efectos de esta vitamina en las funciones 

inmunitarias de individuos viejos apenas han sido investigadas.   
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1.5.2.2. El  alfa-tocoferol (vitamina E) y el sistema inmunitario. Cambios con 

la edad.  

La vitamina E tiene un papel crucial en las células del sistema inmunitario, ya que 

éstas poseen un elevado contenido de ácidos grasos poliinsaturados (PUFAs) en sus 

membranas, lo cual hace que sean más susceptibles al daño oxidativo, y por este motivo 

se encuentran especialmente enriquecidas en vitamina E (Hatman y Kayden, 1979; 

Coquette et al., 1986). En este sentido, unos niveles insuficientes de vitamina E hacen que 

las membranas celulares se vuelvan inestables y se potencie la producción de 

inmunosupresores como ciertas prostaglandinas (PGs) (Meydani et al., 1995). La 

deficiencia de vitamina E en personas mayores de los países occidentales es escasa 

(Polito et al., 2005), por lo que  no hay muchos estudios sobre el efecto que dicha 

deficiencia tiene en la inmunidad. No obstante, en los que se han llevado a cabo se 

comprueba que, tanto en el hombre como en animales de experimentación, tal deficiencia 

supone un empeoramiento de las funciones inmunitarias (Kowdley et al., 1992; Traber, 

1999; Pekmezci, 2011). Aunque se ha documentado en una serie de investigaciones el 

efecto estimulador de la vitamina E sobre la función inmunitaria en animales jóvenes 

(Han y Meydani, 1999; Wakikawa et al., 1999; Alvarado et al., 2005b; Hernandez et al., 

2009), parece que el efecto de esta vitamina en animales viejos e individuos de edad 

avanzada es mucho más relevante (Wu et al., 1998; Han y Meydani, 1999; Meydani, 

1999; Beharka et al., 2000,2002; Han et al., 2000; Adolfsson et al., 2001; Ahmed et al., 

2004; Mcdonald et al., 2005; Meydani et al., 2005; Wu y Meydani, 2014; Bou Ghanem et 

al., 2015).  Así, La vitamina E muestra un importante efecto sobre genes asociados con la 

regulación del ciclo celular y balance Th1/Th2 en células T de ratones viejos, 

contribuyendo a la mayor capacidad proliferativa observada en los animales (Han et al., 

2006) y en las personas suplementadas (De la Fuente y Victor, 2000). De hecho, la 

suplementación con vitamina E, in vitro e in vivo,  aumenta la capacidad de los linfocitos 

T CD4+ de ratones viejos de formar sinapsis funcionales, hecho que se encuentra 

disminuido en la vejez, y de la expresión de genes que permiten un mejor funcionamiento 

de dichas células inmunitarias, muy deterioradas al envejecer (Ahmed et al. 2004; Marko 

et al., 2007; Pae y Meydani, 2012; Molano y Meydani, 2012). Así, la vitamina E aumenta 

tanto la capacidad de división de las células T, especialmente las T vírgenes que son las 

que más se deterioran con el envejecimiento (Meydani et al., 2005),  como la producción 

total de IL-2. En este sentido, la vitamina E afecta tanto al número de células que son 

capaces de producir la citoquina como a la cantidad de la misma producida por las células 
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vírgenes (Adolfsson et al., 2001). El efecto diferencial ó selectivo de la vitamina E sobre 

las células T vírgenes y memoria podría ser debido a la diferente susceptibilidad de éstas 

células frente al daño inducido por un estrés oxidativo, al cual presentan una mayor 

resistencia los linfocitos memoria (Lohmiller et al., 1996). 

Se han sugerido diversos mecanismos para explicar el efecto inmunoestimulador 

de la vitamina E durante el envejecimiento. Por un lado, puede ser una acción de forma 

directa, a través del mantenimiento de la integridad de la membrana y modulando la 

transducción de señales intracelulares, y por otro lado de forma indirecta mediante la 

disminución de la producción de factores supresores tales como la PGE2, producida 

especialmente por los macrófagos (Beharka et al., 1997; Adolfsson et al., 2001; Meydani 

et al., 2005) y en mayor medida en el envejecimiento, debido a la mayor actividad de la 

COX-2 al envejecer (Hayek et al., 1997). Beharka et al. (2002) comprobaron que la 

vitamina E es capaz de disminuir la actividad COX en macrófagos procedentes de ratones 

viejos, principalmente a través de una menor formación de peroxinitritos, formados con la 

interacción de el NO. y el O2
.-, los cuales son responsables de la activación de la COX en 

células inflamatorias (Landino et al., 1996). De este modo, teniendo en cuenta que la 

PGE2 inhibe la producción de las citoquinas Th1, como lo es la IL-2, así como la 

expresión de su receptor (Betz y Fox, 1991; Anastassiou et al., 1992), y aumenta ó no 

tiene efecto sobre la producción de citoquinas Th2 como son la IL-4, IL-5 e IL-10 

(Hilkens et al., 1996), esto es, promueve un cambio en el patrón de producción de 

citoquinas desde Th1 a Th2, la vitamina E tendría el efecto contrario al inhibir al 

inhibidor. Además, se ha comprobado que esta vitamina disminuye la expresión de una 

gran cantidad de genes involucrados en procesos de inflamación aguda (Azzi, 2004; Azzi 

et al., 2004), pudiendo actuar como anti-inflamatorio (Singh et al., 2005; Jiang, 2014). 

1.5.2.3. Los polifenoles y el sistema inmunitario. Cambios con la edad 

Los polifenoles, que son los antioxidantes más abundantes en nuestra dieta, han 

empezado a estudiarse más recientemente que otros antioxidantes en lo que respecta a los 

efectos que alimentos ricos en los mismos tienen sobre las funciones del sistema 

inmunitario. Así, actuan en la diferenciación y activación de los leucocitos, habiendose 

propuesto que lo hacen a través de mecanismos epigenéticos (Cuevas et al., 2013) y 

modulando las Treg (Kim y Lee, 2013). En estudios previos llevado a cabo por nuestro 

grupo de investigación se comprobó que la ingestión durante un periodo de 5 semanas 

con cereales ricos en polifenoles mejoró la función y el estad redox de células 
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inmunitarias peritoneales de ratones adultos (Álvarez et al., 2006a, 2008) y adultos con 

envejecimiento prematuro (Álvarez et al., 2006b). Si bien existen algunos trabajos que 

empleando agentes polifenólicos de la dieta comprueban el efecto positivo sobre algunas 

funciones inmunitarias (Bub et al., 2003) o en el tratamiento de las enfermedades 

neurodegenerativas asociadas al envejecimiento (Christen, 2000; Defeudis y Drieu, 2000; 

Youdim y Joseph, 2001), existen pocos estudios que utilicen tales compuestos para 

prevenir los cambios que se producen en el envejecimiento normal o fisiológico, 

especialemnte a nivel inmunológico. De los numerosos compuestos polifenolicos 

existentes, se van a comentar a continuación únicamente los que se encuentran en los 

cereales estudiados en la presente tesis, y se mencionarán sus efectos sobre el sistema 

inmunitario y en el envejecimiento.  

La catequina es capaz de inhibir la producción de TNFα en la línea de macrófagos 

RAW 264.7 activados con LPS/IFNγ (Wang y Mazza, 2002) y en la linea J774.1, así 

como en los macrófagos peritoneales (Ichikawa et al., 2004). Este antioxidante inhibe la 

expresión de moléculas de adhesión por las células endoteliales, disminuyendo la 

adherencia de los leucocitos circulantes a las paredes de los vasos (Hofbauer et al., 1999; 

Koga y Meidany, 2001; Melgarejo et al., 2009). También se ha comprobado que un 

derivado de la catequina (la epigalocatequina-3-galato) puede inhibir la proliferación de 

linfocitos T de bazo y disminuir la expresión de receptores de IL-2 (Wu et al., 2009), 

siendo relevante este efecto en los pacientes con cancer (Saleh et al., 2014). La catequina 

aumenta in vitro la actividad NK (Exon et al., 1998) y su administración in vivo (125-500 

mg/kg) también lo hace (Exon et al., 1998), dándose este efecto en mejores condiciones 

en ratones con senescencia acelerada, lo que hace disminuir las metástasis de sus tumores 

(Shimizu et al., 2010).   

La rutina disminuye la quimiotaxis e inhibe el estallido respiratorio de neutrófilos 

estimulados con fMet-Leu-Phe, tanto in vitro como in vivo (Selloum et al., 2003). 

Neutraliza de forma eficaz la producción de radicales libres en macrófagos peritoneales 

de rata y disminuye la formación de TBARS (Afanas´eva et al., 2001). La rutina y sus 

metabolitos, in vitro, tienen un efecto anti-inflamatorio, siendo inhibidores de la 

producción de NO y de citoquinas proinflamatorias en macrófagos activados con LPS, 

disminuyendo la activación vía NF-kB (Shen et al., 2002; Su et al., 2014). Por otra parte, 

la suplementación de la dieta con una mezcla de rutina y vitaminas C, E, β-caroteno, 

selenio y zinc reduce la frecuencia de mutaciones en esplenocitos de ratones C57BL/6 

(Gaziev et al., 1995,1997). Estos autores observaron, además, que el efecto era mayor en 
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los ratones viejos que en los jóvenes. Otros investigadores apuntan a un aumento de la 

supervivencia de ratones C57BL/6 suplementados a los 2 y 9 meses de edad con una 

mezcla de rutina, vitaminas C, E, β-caroteno, selenio y zinc, con respecto a los controles 

(Bezlepkin et al., 1996). En ratones viejos, la ingestión de rutina durante 10 días, inhibió 

la dominancia Th2 de la vejez (Morimoto et al., 2011).   

El ácido ferúlico es capaz de disminuir la producción de NO por macrófagos de la 

línea RAW 264.7 activados con LPS (Ogiwara et al., 2002, 2003) e inhibe de forma 

eficaz la formación de anión superóxido en macrófagos peritoneales de ratón (Kaul y 

Khanduja, 1999), siendo capaz de proteger a los linfocitos del estrés oxidativo de la 

radiación (Ma et al., 2011). Este antioxidante disminuye la expresión de moléculas de 

adhesión en células endoteliales, lo que permite una menor adherencia de los leucocitos 

circulantes (Ma et al., 2010), y estimula la linfoproliferación y la secreción de IFNγ por 

células mononucleares de sangre periférica (Chiang et al., 2003). 

El ácido p-cumárico es capaz de estimular la proliferación y la secreción de IFNγ 

por linfocitos de sangre periférica (Chiang et al., 2003). En el estudio llevado a cabo por 

nuestro grupo de investigación sobre el efecto en diversas funciones inmunitarias de 

cereales ricos en polifenoles, el ácido cumárico se planteó como un importante candidato 

en el efecto estimulador de la proliferación de células T y en la producción de IL-2 en 

leucocitos peritoneales de ratones adultos y con envejecimiento prematuro (Alvarez et al., 

2006a,b). Este ácido ha sido propuesto como importante inmunomodulador y anti-

inflamatorio en animales con procesos inflamatorios (Pragasam et al., 2013).  

Los otros polifenoles han sido menos o nada estudiados en el aspecto que se está 

considerando. El ácido vanílico presenta una actividad inmunomoduladora al estimular la 

linfoproliferación y la secreción de IFNγ por células mononucleares de sangre periférica 

(Chiang et al., 2003), y previniendo el daño oxidativo en los linfocitos (Erdem et al., 

2012). Su papel anti-inflamatorio parece ejercerlo suprimiendo la activación del NF-kB, 

lo que se ha comprobado hace en los macrófagos (Kim et al., 2011).  El orizanol es capaz 

de estimular la proliferación de linfocitos B y la liberación de citoquinas Th1, como la IL-

2, en células de bazo de ratón (Sierra et al., 2005), presentando un importante papel 

inmunomodulador (Ghatak y Panchal, 2012). El ácido sinápico, en forma de derivados 

ha sido propuesto como importante controlador de la inflamación generada por citoquinas 

pro-inflamatorias como el TNFα (Zeng et al., 2013).  
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1.5.2.4. Los antioxidantes sulfurados y el sistema inmunitario. Cambios con 
la edad  

Ya se ha comentado que el glutatión (GSH) es un antioxidante intracelular de vital 

importancia para la funcionalidad de los leucocitos, y de forma especial para los 

linfocitos (Dröge et al., 1994; Dröge y Breitkreutz, 2000). La presencia in vitro de 

glutatión estimula una serie de funciones de las células inmunitarias peritoneales de 

ratones, así como la actividad de sus enzimas antioxidantes, como la catalasa, la glutation 

peroxidasa y la reductasa (Pomaki et al., 2005). El papel del glutatión en la apoptosis de 

los leucocitos ha sido ampliamente estudiado. Así, en monocitos humanos sometidos a 

apoptosis se disminuyen los niveles de este antioxidante (Ghibelli et al., 1995) y 

resultados similares se han obtenido en células linfoides (Franco et al., 2007, 2008). 

Además, los linfocitos T se protegen frente a  la apoptosis cuando aumentan sus niveles 

de glutatión (Hammond et al., 2004; Ballatori et al., 2009), y la presencia in vitro de este 

antioxidante disminuye la incidencia de muerte programada en leucocitos peritoneales de 

ratón (Pomaki et al., 2005). De hecho, la depleción del GSH supone importantes 

alteraciones de la homeostasis del sistema inmunitario y del nervioso, teniendo 

consecuencias en los trastornos neuroinmunitarios (Morris et al., 2014). Al envejecer se 

pierden niveles de GSH, lo que ha sido observado en numerosas células y tejidos, 

incluyendo algunos componentes del sistema inmunológico (Arnalich et al., 2001). 

También, con la edad disminuyen las concentraciones plasmáticas de cisteína. Estos 

cambios parecen jugar un papel clave en los procesos y enfermedades que limitan la 

esperanza de vida humana, lo que ha llevado a algunos autores a denominar el 

envejecimiento como un síndrome de deficiencia en cisteína (Dröge, 2002a,b, 2005; 

Dröge y Breitkreutz, 2000). Tales cambios en el estado redox se encuentran mediados, al 

menos en parte, por una baja capacidad para eliminar la cisteína del ambiente oxidativo 

de la sangre (Dröge, 2002a). En este contexto, la administración exógena de compuestos 

tiólicos, o que contengan azufre, y que puedan aumentar los niveles de GSH podría tener 

efectos beneficiosos en la función inmunitaria, especialmente en el envejecimiento. Dado 

que el glutation puede tener alguna dificulatad para llegar a determinados órganos como 

el hígado, su administración directa se ha propuesto poco eficaz para aumentar los niveles 

de tioles intracelulares (Puri y Meister, 1983). Por ello, la ingestión de precursores del 

glutation como la N-acetilcisteina (NAC) o  la tioprolina (TP) resultan más efectivas para 

recuperar las reservas de glutatión, hecho que se ha demostrado claramente en el caso de 

la NAC (De Flora et al., 1991). De hecho, el tratamiento con compuestos tiólicos como 

los mencionados parecen aumentar la esperanza de vida y retrasar determinados procesos 
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asociados al envejecimiento en diferentes animales de experimentación (Miquel y 

Economos, 1979; Martínez Banaclocha et al., 1997; Martínez et al., 1999,2000; Martinez 

y Martinez, 1999; Martinez, 2000; Navarro et al., 2007).  

Como antioxidantes que aumentan los niveles de GSH y que se han estudiado en la 

presente tesis tenemos: la N-acetil cisteina, la tioprolina y la taurina.  

La N-acetilcisteína (NAC) 

En cuanto a las acciones a nivel del sistema inmunitario, la NAC modula el 

funcionamiento del mismo (Marthandan et al., 2013). Este antioxidante incide en la 

adherencia de las células inmunitarias, habiéndose observado que estimula la de las 

células NK, con un efecto específico a nivel del citoesqueleto (Ribavene et al., 1995).  

Así mismo, suprime la expresión constitutiva de CD11a/LFA-1, una integrina implicada 

en la adhesión leucocitaria, en una línea mieloide (Hashizume et al., 2002). La NAC es 

considerada un anti-inflamatorio, que inhibe los marcadores inflamatorios circulantes 

(Purwanto y Prasetyo, 2012) y la producción de citoquinas inflamatorias por células 

inmunitarias (Steinhauser et al., 1998; Gosset et al., 1999; Palacio et al., 2011). También, 

disminuye la apoptosis de timocitos inducida por el exceso de ROS (McLaughlin et al., 

1996), y la mediada por TNFα en células monomielocíticas infectadas por VIH, 

inhibiendo la replicación viral.  Este efecto lo lleva a cabo disminuyendo la activación del 

NF-kB y la peroxidación lipídica, lo que sugiere el uso de NAC para mejorar la calidad 

de vida de estos enfermos  (Malorni et al., 1993; 1998). La NAC estimula la función de 

las células T (Eylar et al., 1993), aumenta la proliferación de linfocitos en respuesta a 

mitógenos, activa la capacidad citotóxica de los leucocitos y la producción de citoquinas 

de células mononucleares (Roberts et al., 1995; Omara et al., 1997; Viora et al., 2001). En 

neutrófilos, la NAC disminuye la producción del radical superóxido y favorece la 

capacidad fagocítica de estas células mejorando su quimiotaxis (Urban et al., 1997). En 

situaciones de fuerte estrés oxidativo e inflamación como en el shock endotóxico letal, se 

ha observado que la NAC tiene efecto inmunomodulador asemejando las funciones de los 

leucocitos peritoneales de ratones con shock a las de animales controles, efecto que se 

aprecia tanto in vivo como in vitro y que es mediado controlando la excesiva activación 

del NFkB (Víctor y De la Fuente, 2002a; Victor et al., 2005). Nuestro grupo también ha 

comprobado que la ingestión de NAC durante un mes mejora el proceso fagocítico de los 

macrófagos peritoneales murinos procedentes de animales adultos prematuramente 

envejecidos (Puerto et al., 2002), así como la funcionalidad de otros leucocitos (Puerto et 
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al., 2002; Guayerbas et al., 2005a). Así mismo, la NAC in vitro estimula la movilidad 

espontánea, la quimiotaxis y la respuesta proliferativa a concanavalina A de los linfocitos 

de ratones BALB/c, las funciones del proceso fagocítico de macrófagos peritoneales y de 

linfocitos de ratones adultos (Pomaki et al., 2005) y prematuramente envejecidos (Puerto 

et al., 2002). En mujeres postmenopáusicas, la ingestión de NAC mejoró toda una serie 

de funciones y el estado redox de los linfocitos y neutrófilos de sangre periférica (Arranz 

et al., 2008).  

Es evidente que la dosis y el tiempo de ingestión de NAC van a determinar sus 

efectos en la función inmunitaria. Así, si dosis elevadas de NAC inhiben la expresión de 

citoquinas proinflamatorias en macrófagos activados, cantidades bajas administradas 

durante un largo tiempo, aumentan la expresión de estas citoquinas (Ohnishi et al., 2014).   

La tioprolina (TP)  

La TP, como ya se ha comentado, puede ser una fuente de L-cisteína en la célula 

(Wlodek et al., 1993) lo que, dado el papel modulador de este aminoácido y de su 

capacidad de generar glutatión, puede explicar los efectos inmunitarios de la TP (Wlodek 

et al., 1995). No obstante, los efectos de TP en las células inmunitarias han sido 

escasamente estudiados. Se sabe que otro derivado tiazolidínico, el ácido 2-metil-

tiazolidín-2,4,-dicarboxílico, aumenta la proliferación de una línea celular de linfocitos T 

dependiente de IL-2  (Wlodek et al., 1995).  En estudios previos de nuestro grupo de 

investigación se ha comprobado que la suplementación de la dieta con TP mejora las 

funciones del proceso fagocítico de macrófagos peritoneales murinos procedentes de 

ratones con envejecimiento prematuro (Correa et al., 1999a), así como las de leucocitos 

de ratones viejos (De la Fuente et al., 1993).  La TP in vitro estimula varias funciones de 

macrófagos y linfocitos de ratón (Correa et al., 1999b), así como la actividad de enzimas 

antioxidantes como la catalasa, la superóxido dismutasa, la glutation reductasa y la 

peroxidasa, además de disminuir la muerte programada de leucocitos peritoneales de 

ratón (Pomaki et al., 2005).  

La taurina (TAU)  

La TAU puede aparecer en altas concentraciones en las células del sistema 

inmunitario sometidas a un elevado estrés oxidativo (Balkan et al., 2001; Dawson et al., 

2002). Así, es abundante en células fagocíticas como neutrófilos a los cuales protege 

frente a la citotoxicidad causada por la elevada producción de ROS (Kim y Cha, 2009). 
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Por ello, este antioxidante es muy importante en los polimorfonucleares durante el 

proceso séptico (Ekremoglu et al., 2007), siendo relevante en la magnitud y calidad de la 

respuesta inmunitaria que lleven a cabo estas células (Mühling et al., 2008). De hecho, la 

TAU mejora in vitro la capacidad fagocítica de neutrófilos (Farriol et al., 2002). Además, 

su papel anti-inflamatorio se manifiesta al  promocionar el fenotipo de macrófagos M2 en 

el tejido adiposo (Lin et al., 2013), y el derivado de TAU, la cloramina (TAUCl), 

producido por el sistema mieloperosidasa en neutrófilos activados, es un excelente 

citoprotector frente al daño inflamatorio tisular, activando la expresión de enzimas 

antioxidantes (Kang y Kim, 2013). Los efectos de TAU en linfocitos han sido 

escasamente estudiados, aunque se ha propuesto este antioxidante como un claro 

regulador de la respuesta de células T (Bachmann, 2012). Se ha comprobado que protege 

a estas células frente al daño al ADN (Ergun et al., 2006) y puede atenuar la apoptosis de 

los linfocitos T inducida vía CD3/IL-2 (Maher et al., 2005), así como estimular la 

proliferación y la secreción de citoquinas (Fazzino et al., 2010). Se ha comprobado, tanto 

en roedores como en humanos, el papel modulador que ejerce en los leucocitos, 

mostrando una regulación a la baja en la producción de mediadores pro-inflamatorios al 

inhibir la activación del NFkB (Schuller-Levis y Park, 2004). Aunque con la edad se va 

perdiendo la capacidad de sintetizar este aminoácido (Huxtable, 1992), apenas se tienen 

datos sobre su papel en las células inmunitarias al envejecer.  

1.5.2.4. La combinación de antioxidantes y el sistema inmunitario. Cambios 

con la edad 

Se había indicado que la ingestión regular de mezcla de antioxidantes permitía una 

disminución del estrés oxidativo en personas sanas (Actis-Goretta et al., 2004), y varios 

estudios han demostrado también la importancia que tiene, para mejorar la función 

inmunitaria, la ingestión de dietas o suplementos con más de un antioxidante (Chandra, 

2004; Alvarado et al., 2005a,b; 2006a,b). Así, la combinación de vitamina C y E ha 

resultado ser eficaz  para disminuir la prevalencia e incidencia de la enfermedad de 

Alzheimer, lo que no se consiguió cuando ambas vitaminas se tomaban de forma aislada 

(Zandi et al., 2004). De hecho, la combinación de antioxidantes en pequeñas cantidades, 

como las que se encuentran en los alimentos naturales, han mostrado mayores beneficios 

para la salud que la suplementación con grandes cantidades de un solo antioxidante 

(McDonald et al., 2005; Menon et al., 2010), y esto ha sido también comprobado en el 

sistema inmunitario (Alvarado, 2006; Alvarado et al., 2006a,b; Alvarez et al., 2006a,b), 

especialmente en condiciones de inmunosupresión (Vetvicka y Vetvickova, 2012). 
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B. PRESENTACIÓN DE LOS TRABAJOS REALIZADOS Y 

JUSTIFICACIÓN DE SU UNIDAD TEMÁTICA 

El efecto de los antioxidantes en la funcionalidad de los diferentes tipos de células 

inmunitarias es un tema que no ha sido totalmente resuelto todavía y que puede generar 

importantes controversias. Aunque se han llevado a cabo muchos estudios en este 

contexto, como los recogidos en el apartado anterior de esta “Introducción General”, 

existen aún muchas cuestiones no claramente contestadas. Para dar respuesta a algunas de 

estas preguntas, se estructuraron los trabajos que constituyen la presente tesis doctoral.  

Parece relevante conocer los efectos que de forma directa tengan una serie de 

antioxidantes, en un rango de concentraciones, en la funcionalidad de macrófagos, 

linfocitos y células NK. Para ello, se diseñaron una serie de trabajos en los que se 

analizaron tales efectos, in vitro, en esas células inmunitarias obtenidas de animales de 

experimentación (ratones). Además, se quiso comprobar si tales efectos eran diferentes 

dependiendo la edad del animal del que se obtenían dichas células. Los estudios se han 

centrado en los efectos del ácido ascórbico, la vitamina E, el glutatión y otros 

antioxidantes sulfurados como la taurina, la tioprolina y la N-acetilcisteina, haciendo 

mayor hincapié en estos últimos que eran los menos conocidos en este contexto. De este 

modo se llevaron a cabo los experimentos que constituyen los artículos 1, 2, 3, 4 y 5 de la 

presente tesis y que se recogen en el anexo. 

Si conocer la acción directa de un compuesto antioxidante en la capacidad 

funcional de las células inmunitarias es importante, también lo es el comprobar el efecto 

que la ingestión de ese antioxidante pueda llegar a tener en dicha funcionalidad. Para ello, 

se llevaron a cabo una serie de trabajos en los que una serie de dietas, a las que se 

incorporaron diferentes antioxidantes, fueron suministradas a animales de 

experimentación y, en el caso del ser humano, los antioxidantes se administraron como 

suplementos. Estos trabajos han sido recogidos en los artículos del 6 al 15 de la presente 

tesis, los cuales se encuentran en el anexo. En primer lugar se quiso conocer, en animales 

adultos (cobayas), si la funcionalidad de las células inmunitarias variaba dependiendo de 

la cantidad administrada en la dieta, durante 5 semanas, de un antioxidante, como la 

vitamina E (artículo 6).  También, en base a resultados previos en los que la ingestión de 

tioprolina por ratones mejoraba la funcionalidad de linfocitos de ratones (De la Fuente et 

al., 1993), se quiso comprobar si en animales adultos las funciones más representativas de 

las células fagocíticas (los macrófagos peritoneales) podrían mejorarse tras la 
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administración conjunta en la dieta de dos antioxidantes sulfurados como la N-

acetilcisteina y la tioprolina, a una concentración de 0,1 %p/p,  durante 5 semanas, y si 

había variaciones en la respuesta dependiendo de la cepa de ratones utilizada (Swiss y 

BALB/c) (artículo 7). Como al envejecer tiene lugar un estrés oxidativo, y el mismo es 

decisivo en la funcionalidad de las células inmunitarias, se planteó un experimento para 

conocer si la administración, durante 4 semanas, de dietas suplementadas con N-

acetilcisteina y tioprolina en la proporción previamente analizada  (0,1% p/p)  y en otra 

más elevada  (0,3% p/p), podría tener efectos diferentes en la funcionalidad de las células 

inmunitarias (macrófagos y linfocitos) según fueran procedentes de ratones Swiss adultos 

o viejos (artículo 8).  Dado que en un estudio previo se había comprobado que en ratones 

Swiss viejos, la administración sólo de tioprolina (0,07% p/p) durante 36 semanas había 

mejorado la capacidad de movilidad y proliferación de los linfocitos (De la Fuente et al., 

1993), pero no se conocía si podría hacerlo, en esas funciones y en otras relevantes de las 

células inmunitarias, cuando fuese administrada en un periodo más corto, de 5 semanas, 

se procedió a llevar a cabo la experimentación correspondiente en ratones Swiss (artículo 

9). 

En el contexto de la comunicación neuroinmunitaria se quiso comprobar si habría 

una relación entre la capacidad exploratoria (prueba conductual reflejo del 

funcionamiento del sistema nervioso) y la función inmunitaria, en ratones. En un estudio 

previo (De Juan, 1994) se había comprobado que los ratones de la cepa Swiss que 

realizaban la exploración de un laberinto en forma de T de manera lenta, tenían una 

longevidad menor que los de su misma edad que lo hacían más rápido. Se diseñó un 

experimento para poder detectar si ratones Swiss viejos que llevaban a cabo de forma 

“lenta” la exploración del laberinto en T tenían una funcionalidad de sus macrófagos 

(peritoneales) y de sus linfocitos (de ganglios axilares, bazo y timo) más detriorada que la 

de aquellos,  de la misma edad cronológica, que llevaban a cabo la exploración de forma 

“rápida” (artículo 10). Dado que trabajos posteriores confirmaron que los ratones “lentos” 

en la exploración del laberinto en T, a cualquier edad cronológica, mostraban una 

inmunosenescencia prematura, así como un sistema nervioso y un sistema endocrino más 

envejecido, y siempre tenían menor esperanza de vida que sus compañeros de igual edad 

y sexo que realizaban de forma “rápida” la exploración, se denominó a tales animales 

“lentos” como PAM (prematurely aging mice, ratones prematuramente envejecidos) y  a 

los otros como NPAM (nonprematurely aging mice, ratones no prematuramente 

envejecidos) (Viveros et al., 2001; Guayerbas  et al., 2002a,c; Guayerbas y De la Fuente, 

2003; Guayerbas, 2003; De la Fuente et al., 2003; Vida y De la Fuente, 2013). En este 
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modelo de PAM se comprobó el efecto beneficioso de la ingestión, durante 5 semanas, de 

una dieta suplementada con 0,1% p/p de los antioxidantes N-acetilcisteina y tioprolina, en 

la capacidad funcional de linfocitos de ratones Swiss y BALB/c, cronológicamente 

adultos (Guayerbas et al., 2002b).  Puesto que no se sabía si se podría obtener también un 

efecto beneficioso en la funcionalidad de los linfocitos, con esa misma dieta (con las  

mismas cantidades de dichos antioxidantes y el mismo tiempo de ingestión) en esas dos 

cepas de ratones, pero siendo los animales cronológicamente viejos, se diseñó un 

experimento en este sentido.  Además, se incorporó un grupo de ratones adultos de ambas 

cepas para poder comprobar si la mejoría en la funcionalidad linfoide conseguía igualar o 

acercar los valores de los animales viejos a los de los adultos (artículo 11).  

Los polifenoles son los antioxidantes más abundantes en nuestra dieta y de forma 

más reciente que en el caso de otros antioxidantes se empezaron a estudiar en relación a 

sus efectos sobre las funciones del sistema inmunitario, comprobándose que los mismos 

son, en general, muy beneficiosos (Bub et al., 2003). En estudios previos llevado a cabo 

por nuestro grupo de investigación se había demostrado que la ingestión durante un 

periodo de 5 semanas con cereales ricos en polifenoles mejoraba la función y el estado 

redox de leucocitos peritoneales de ratones adultos (Álvarez et al., 2006a, 2008) y adultos 

con envejecimiento prematuro (Álvarez  et al., 2006b), pero se desconocía si tal mejoría 

podría hacerse en animales maduros y viejos. Se diseñó un experimento para comprobar 

si la ingestión de una serie de galletas conteniendo diferentes fracciones de cereales ricos 

en diversos polifenoles (catequina, ácido p-hidroxibenzoico, ácido vanílico, ácido p-

cumárico, ácido sinápico, ácido ferúlico, rutina y orizanol), durante 15 y 30 semanas por 

ratones ICR-CD1 (los anteriormente denominados Swiss) maduros y viejos, 

respectivamente, podría tener un efecto positive en toda una serie de funciones, que se 

deterioran al envejecer, de macrofagos y linfocitos (artículo 12).  

Sabiendo que la ingestion de dietas suplementadas con antioxidantes mejoran la 

function de las células inmunitarias en animales de experimentación, especialmente en la 

vejez, se hacía evidente el analizar si tal efecto podría tener lugar en el ser humano. 

Conocidos los efectos beneficiosos de antioxidantes como la vitamin C (Jariwalla y 

Harakeh, 1996) y la vitamin E (Beharka et al., 1997) en la funcionalidad de las células 

inmunitarias, se diseñó un trabajo para analizar si en mujeres mayores (72±6 años de 

edad), tanto sanas como con dos enfermedades frecuentemente asociadas a la edad, como 

son la depression y la enfermedad coronaria, la ingestion durante 16 semanas de 1000mg 

de vitamin C y 200 mg de vitamin E diarios, podría mejorar la funcion de sus células 
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inmunitarias, obtenidas de sangre periférica. También, se quiso comprobar el efecto de 

esta suplementación en los niveles de séricos de malondialdehido (como marcador de 

peroxidación lipídica) y de cortisol (marcador de estrés emocional). El estudio se recoge 

en el artículo 13. Ante los resultados obtenidos en este estudio, se diseñó otro en el que se 

quiso comprobar si la ingestion de un suplemento de 200 mg/día de solo vitamina E 

durante 3 meses podría mejorar la funcionalidad de las células inmunitarias no solo de 

mujeres, también de hombres mayores (70,4±5,1 años de edad). Además, para comprobar 

hasta qué nivel los efectos de tal suplementación podrían ser beneficiosos, se incorporó 

un grupo de hombres y mujeres adultos (29,7±4,9 años de edad) con los que comparar los 

valores obtenidos, tras la suplementación, en cada una de las funciones analizadas de 

fagocitos (neutronfilos) y linfocitos. Se quiso conocer también si tras 6 meses sin 

suplementación los efectos de la misma se mantenían o ya habían desaparecido. Este 

estudio se recoge en el artículo 14. Por ultimo, se planteó la comprobación del efecto de 

una suplementación sólo con vitamina C (500 mg/día) durante 3 meses en hombres y 

mujeres de 74±4 años de edad, así como la conjunta de vitamin C (500 mg) y vitamin E 

(200 mg) durante el mismo periodo. El grupo de adultos (35±5 años) que se incorporó, 

permitía comprobar hasta qué grado las suplementaciones “rejuvenecían” los parámetros 

inmunitarios analizados. También se incluyeron las valoraciones tras 6 meses sin 

suplementación para detectar si los efectos se mantenían o no, transcurrido ese tiempo. 

Este trabajo constituye el artículo 15 de la presente tesis. 

En el anexo se han incluido una serie de artículos de revision, algunos de ellos, al 

contener datos experimentales han sido considerados también en la relación ya 

comentada, es el caso del artículo 4 y del artículo 11.  En estas revisions se recogen ideas 

generales que sobre el tema de la presente tesis se han ido obteniendo de los 

experimentos antes indicados y de otros que han formado parte de diversas tesis del grupo 

de investigación de “Envejecimiento, Neuroinmunología y Nutrición” de la Universidad 

Complutense de Madrid. 

 

 

 

 

 

 
 



 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

2. HIPÓTESIS Y OBJETIVOS 
 

“Lo importante es no dejar de hacerse preguntas”.  

Albert Eisntein (1879-1955). Físico de origen alemán.  

 

“Daría todo lo que sé por la mitad de lo que ignoro”.  

René Descartes (1596-1650). Filósofo y matemático francés. 
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2. 1. HIPÓTESIS 
 

Dada la producción de ROS que generan las células inmunitarias en su habitual 

funcionamiento de defensa frente a infecciones y cánceres, lo que representa un consumo 

de los antioxidantes endógenos de que disponen, la administración de antioxidantes 

exógenos, en cantidades apropiadas, debe mejorar la función de las células inmunitarias 

en cualquier edad, pero especialmente en individuos viejos, en los cuales tiene lugar una 

inmunosenescencia y un estrés oxidativo. 

 
2.2. OBJETIVOS 
 

Para demostrar la hipótesis indicada se han establecido una serie de objetivos. 

Los objetivos generales planteados en la presente tesis han sido: 

1º Objetivo: Estudiar el efecto in vitro de varios antioxidantes en la modulación de la 

función de las células inmunitarias. Cambios con la edad.  

Este objetivo se ha desarrollado en los siguientes sub-objetivos que se enuncian 

como preguntas: 

1.1. ¿La capacidad funcional de los fagocitos (macrófagos) de animales adultos, puede 

modificarse por la presencia in vitro  de varios antioxidantes? 

1.2. ¿La capacidad funcional de las células linfoides de animales adultos puede ser 

modificada por la presencia in vitro  de varios antioxidantes sulfurados?. 

1.3. ¿Puede haber cambios en las funciones de macrófagos y linfocitos de animales viejos 

por la presencia in vitro de antioxidantes tiólicos? 

1.4. ¿La actividad citotóxica antitumoral “natural killer” (NK) de los leucocitos puede ser 

modificada por la presencia in vitro de varios antioxidantes?, ¿puede haber diferencias por 

la edad de los animales de los que se obtienen las células? 

 

2º Objetivo: Estudiar el efecto de antioxidantes, administrados en la dieta o como 

suplementos, en la modulación de la función inmunitaria en la edad adulta y en la 

vejez de animales de experimentación y en el ser humano.  

 

Este objetivo se ha desarrollado en los siguientes  sub-objetivos: 
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2.1. ¿La ingestión de antioxidantes en la dieta puede modificar la funcionalidad de las 

células inmunitarias en la edad adulta?.  

Este sub-objetivo se ha dividido en otros dos más concretos. 

2.1.1. ¿Es relevante la cantidad, baja o alta,  de un antioxidante, como la vitamina 

E, que se administra en la dieta, sobre la funcionalidad de células inmunitarias de 

animales adultos?. 

2.1.2. ¿La administración en la dieta de dos antioxidantes sulfurados que aportan 

glutation  como la N-acetilcisteina (NAC) y la tioprolina (TP), puede estimular la 

funcionalidad de los macrófagos peritoneales de ratones adultos?. ¿Puede haber 

diferencias por la cepa de ratones utilizada?.  

2.2. ¿La ingestión de antioxidantes en la dieta, o como suplementos, puede modificar la 

funcionalidad de las células inmunitarias en la vejez?. 

Este objetivo se ha dividido en otros más concretos que se indican seguidamente: 

A. Estudios en animales de experimentación 

2.2.1. ¿La cantidad de antioxidante que hay que incorporar a la dieta para 

restaurar la función inmunitaria en la vejez de los animales de experimentación es 

similar a la requerida para mejorarla en la edad adulta o sería necesario una 

cantidad mayor dado el deterioro funcional que se experimenta al envejecer?. 

2.2.2. ¿Suplementar la dieta con un antioxidante como la tioprolina puede en 

animales cronológicamente viejos evitar  el deterioro funcional de las células 

inmunitarias? 

2.2.3. ¿Podría darse una relación entre actividad exploratoria y función 

inmunitaria en ratones viejos que permitiera el establecimiento de un modelo de 

inmunosenescencia  prematura y consecuentemente de mayor senescencia, que 

posibilite el estudio del efecto de dietas suplementadas con antioxidantes en la 

función inmunitaria y en la longevidad?.  

2.2.4. ¿La ingestión de una dieta suplementada con NAC +TP podría ser efectiva 

en ratones viejos con envejecimiento prematuro?. 
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2.2.5. ¿La ingestión, durante largos periodos, de 15 y 30 semanas, de dietas 

enriquecidas con antioxidantes nutricionales de tipo polifenólico podría mejorar 

la función inmunitaria en ratones maduros y viejos?.  

B. Estudios en el ser humano 

2.2.6. ¿La función inmunitaria podría mejorarse en mujeres septuagenarias tras 

tomar durante 4 meses un suplemento de vitamina C (1000 mg/día) y vitamina E 

(200 mg/día)?, ¿haría más efecto si las mujeres presentaran alguna patología?. 

2.2.7. ¿La ingestión durante 3 meses de un suplemento de vitamina E (200 

mg/día), de vitamina C (500 mg/día) o de vitamina C (500 mg/día) conjuntamente 

con vitamina E (200 mg/día) podría mejorar la función inmunitaria en hombres y 

en mujeres septuagenarios?, ¿se asemejarán los valores de tales funciones tras la 

suplementación  a los de personas cronológicamente adultas?. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

 
 
 
 

 

 

 

 

 

 

 

3. RESULTADOS Y DISCUSIÓN 
 

“La ciencia es respecto del alma lo que es la luz respecto a los ojos, 

y si las raíces son amargas, los frutos son muy dulces”.  

“Lo que se debe aprender a hacer, se aprende haciéndolo”.  

Aristóteles (384-322 a C). Filosofo y científico griego. 

 

“La teoría es algo bueno, pero un buen experimento queda para 

siempre”.  

Piotr Leonidovich Kapitsa (1894-1984).  Físico soviético. Premio 

Nobel en 1978.     
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RESULTADOS Y DISCUSIÓN CORRESPONDIENTES A LOS 

OBJETIVOS PLANTEADOS Y RECOGIDOS EN LOS 

ARTÍCULOS PUBLICADOS 
 

3.1. RESULTADOS Y DISCUSIÓN CORRESPONDIENTES AL PRIMERO 

GRAN OBJETIVO: Estudiar el efecto in vitro de varios antioxidantes en la 

modulación de la función de las células inmunitarias. Cambios con la edad 

 
 Este objetivo se ha desarrollado en los siguientes objetivos concretos: 
 
3.1.1. ¿La capacidad funcional de los fagocitos (macrófagos) de animales adultos, puede 
modificarse por la presencia in vitro  de varios antioxidantes? 
 
La respuesta se recoge en el ARTÍCULO 1. 
 
3.1.2. ¿La capacidad funcional de las células linfoides de animales adultos puede ser 
modificada por la presencia in vitro  de varios antioxidantes sulfurados?. 
 
La respuesta se recoge en el ARTÍCULO 2 
 
3.1.3. ¿Puede haber cambios en las funciones de macrófagos y linfocitos de animales 
viejos por la presencia in vitro de antioxidante tiólicos? 
 
La respuesta se recoge en el ARTÍCULO  3 y en el ARTÍCULO 4 (REVISIÓN 5). 
 
3.1.4.  ¿La actividad citotóxica antitumoral “natural killer” (NK) de los leucocitos puede 
ser modificada por la presencia in vitro  de varios antioxidantes?, ¿puede haber 
diferencias por la edad de los animales de los que se obtienen las células? 
 
La respuesta se recoge en el ARTÍCULO 5. 
 

Los antioxidantes que se han estudiado in vitro en la presente tesis han sido 

fundamentalmente aquellos que tienen la molécula de azufre, tanto tiólicos como el 

glutatión (GSH) y la n-acetilcisteina (NAC), como los capaces de aportar el grupo tiol 

como la tioprolina (TP) y la taurina (TAU). De ellos, los más estudiados han sido los tres 

primeros. También se han analizado los efectos que producen otros antioxidantes como el 

ácido ascórbico (AA) y la vitamina E (VE). Las células se han obtenido de ratones, 

fundamentalmente de la cepa BALB/c, pero también se han utilizado los Swiss. Las 

concentraciones de los distintos antioxidantes han variado dependiendo el experimento, 

pero se han encontrado en los siguientes rangos:  de 0,005 mM a 0,01 mM para VE y a 1 
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mM para AA. De 0,5 a 5 mM para GSH, de 0,001 a 2,5 mM para NAC y de 0,1 a 1 mM 

para TP. En el caso de TAU de 4 a 40 mM. 

3.1.1. Efecto de los antioxidantes en la funcionalidad de macrófagos de 

ratones adultos 

En macrófagos obtenidos de ratones adultos (17±3 semanas de edad) de la cepa 

BALB/c se ha podido comprobar como, en general, los antioxidantes (AA, VE, GSH, 

NAC y TP) estimulan las funciones más características de tales células. Los macrófagos 

estudiados son procedentes del peritoneo, una localización en la que nuestro grupo de 

investigación tiene una dilatada experiencia y en la que se llevó a cabo el primer estudio 

en España sobre los cambios de estas células con el envejecimiento (De la Fuente, 1985). 

En esta localización se estandarizaron toda una serie de técnicas que permitían estudiar 

cada una de las etapas del proceso fagocítico que realizan estas células inmunitarias (De 

la Fuente, 1985; 1989). Los macrófagos en primer lugar se adhieren a los tejidos en los 

que se encuentran, para posteriormente moverse, lo que realizan tanto de forma 

espontánea como, fundamentalmente, de forma dirigida por el gradiente químico que se 

crea desde el foco infeccioso y que les permite acercarse al mismo, es la propiedad 

denominada quimiotaxis. Una vez que estas células llegan al foco infeccioso y contactan 

con los agentes extraños se unen a ellos y los fagocitan, incluyéndolos en vacuolas, 

fagosomas, iniciándose la etapa de destrucción de tales agentes. En este paso del proceso 

se dan una serie de mecanismos, los más relevantes conllevan el aumento del consumo de 

oxígeno, la activación de una enzima, la NADPH oxidasa, y la consecuente producción 

de radicales libres, el primero de los cuales es el anión superóxido (O2.-), que 

posteriormente dará otros radicales y especies reactivas de oxígeno (ROS) (Figura 14). 

Estos radicales permitirán destruir los microorganismos fagocitados, para la posterior 

presentación de los “determinantes antigénicos” a los linfocitos T, que de esta forma 

pueden reconocerlos.   

El efecto de los antioxidantes in vitro en estas funciones de macrófagos (Artículo 

1) sugiere que las estimulaciones que se habían descrito en algunas de estas funciones tras 

la ingestión de dietas suplementadas con antioxidantes como vitamina E (Moriguchi et al, 

1990), y que posteriormente se han ratificado en otros trabajos con vitamina E, ácido 

ascórbico y antioxidantes aportadores de glutatión (Puerto et al., 2002; Guayerbas et al., 

2002b, 2005a,b; Alvarado et al., 2006a,b; Arranz et al., 2008; De la Fuente et al., 2011) y 

en los llevados a cabo en la presente tesis, se deben a un efecto directo de los mismos. 
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Durante el proceso fagocítico, como se ha mencionado, tiene lugar una activación del 

metabolismo oxidativo y una producción de radicales libres de oxígeno (Laurent et al., 

1991), lo que supone un consumo de las defensas endógenas de antioxidantes, lo que se 

ha demostrado sucede con el ácido ascórbico (AA) (Hernanz et al., 1990). De hecho, los 

macrófagos peritoneales captan el ácido ascórbico a concentraciones milimolares para 

favorecer su capacidad funcional (May et al., 2005).  Este antioxidante, capaz de 

retenerse en los leucocitos mononucleares en esas elevadas concentraciones de rango 

milimolar (Bergsten et al., 1990),  es consumido rápidamente cuando los fagocitos son 

activados y necesitan protegerse de los radicales libres que producen (Frei, 1991). Esto 

explica que la concentración mayor que se ha estudiado de AA en el presente trabajo, la 

de 1 mM sea la más efectiva. En otros estudios también se han encontrado efectos 

similares in vitro con concentraciones milimolares  (Dallegri et al., 1980; Victor et al., 

2000; May et al., 2005). En el caso de la vitamina E (VE), dado su carácter liposoluble, la 

concentración mayor que se pudo disolver adecuadamente, para llevar a cabo el estudio 

en condiciones correctas, fue la de 0,01 mM, por ello se analizó esta concentración y otra 

que suponía la mitad de la misma (0,005 mM).  Los efectos son igualmente significativos 

con las dos concentraciones estudiadas, sin diferencias entre ellas. En los antioxidantes 

tiólicos como la N-acetilcisteína (NAC) y la tioprolina (TP), la concentración máxima 

utilizada, la de 1 mM, fue la más efectiva, al menos para la quimiotaxis y fagocitosis. En 

el caso del glutatión (GSH) se requirieron concentraciones mayores (2,5 y 5mM) para 

obtener un efecto máximo en la quimiotaxis, pero es la de 2,5 mM la de mejor efecto en 

la fagocitosis y en los niveles de anión superóxido estimulado. De hecho, el GSH, un 

antioxidante que se requiere en cantidades adecuadas para una respuesta inmunitaria 

óptima (Dröge y Breikreuz, 2000), se ha comprobado que, cuando es administrado tanto 

in vivo como in vitro, mejora la capacidad fagocítica de macrófagos en condiciones de 

estrés oxidativo a través de la modulación de las NADPH oxidasas (Nox) (Yeligar et al., 

2014). 

La primera etapa en el proceso fagocítico, como ya se ha mencionado, es la 

adherencia de las células a los tejidos. De los antioxidantes estudiados en este 

experimento, el AA y la VE estimulan la capacidad de adherencia a sustrato inerte, al 

menos en tiempos cortos de incubación de 10 y 20 minutos. Hay otros trabajos que 

coinciden en observar un aumento de esta función en fagocitos por presencia del AA 

(Thorner et al., 1983; Victor et al., 2000), pero también los hay que observan una 

disminución (Jonas et al., 1993). Una estimulación de la adherencia hay que verla con 

precaución, pues no necesariamente tiene que significar un efecto favorable, a no ser que 
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también se estimulen las siguientes etapas del proceso fagocítico. Un aumento de la 

adherencia a los tejidos si va seguido de una menor movilidad supone una peor eficacia 

de las células para realizar su función, pues no llegarían eficazmente al foco infeccioso. 

Así, hemos comprobado que determinados compuestos que han resultados ser inhibidores 

de la funcionalidad de los fagocitos, estimulan la adherencia de los mismos (De la Fuente 

et al., 1995). Los resultados que hemos obtenido demuestran que el AA y la VE aumentan 

la adherencia, pero también las otras funciones estudiadas del proceso fagocítico. En el 

caso de los antioxidantes tiólicos analizados en el presente trabajo no mostraron ningún 

efecto en la capacidad de adherencia.  

La movilidad, tanto la que realizan de forma espontánea como la dirigida 

(quimiotaxis), que tienen los macrófagos peritoneales aparece estimulada por la presencia 

de todos los antioxidantes estudiados. Estos resultados coinciden con la idea de que una 

suplementación o pérdida de antioxidantes están relacionadas  con una estimulación o 

disminución de la capacidad de quimiotaxis, respectivamente (Bendich, 1989, Johnston et 

al., 1992; Ball et al., 1996). Una adecuada capacidad de movilidad permite a los fagocitos 

alcanzar el foco infeccioso en el que llevar a cabo la ingestión del material extraño, y de 

hecho, los antioxidantes estudiados también aumentan la capacidad de fagocitosis de 

partículas inertes de los macrófagos peritoneales. Dado que se ha comprobado que los 

macrófagos peritoneales consumen sus antioxidantes endógenos al fagocitar (Hernanz et 

al.,1990), esto podría explicar el hecho de que la incorporación de antioxidantes in vitro 

estimule esta función en células de animales adultos, como se ha comprobado en la 

presente tesis y en otros estudios (Pomaki et al., 2005; Victor et al., 2000; Victor y De la 

Fuente, 2002). De forma similar, ese hecho explicaría los efectos estimuladores 

encontrados en las funciones de los leucocitos de animales adultos por la presencia de los 

antioxidantes, dado que en las céluls de adultos, en principio, se debe dar un adecuado 

balance redox. Este apropiado balance parece conseguirse con concentraciones adecuadas 

de los antioxidantes, pues muy bajas o muy elevadas no parecen mostrar un efecto tan 

positivo. Así, 1 mM de NAC y TP, y 2,5 mM de GSH, resultaron las concentraciones más 

efectivas en la fagocitosis, lo que coincide con los resultados obtenidos en otros trabajos 

en los que 5 mM de esos antioxidantes no tuvieron efecto en la fagocitosis de macrófagos 

(Pomaki et al., 2005). Por otra parte hay que tener en cuenta que la presencia de un tipo 

de antioxidante puede favorecer los niveles de otro. Así, se ha comprobado que el AA es 

capaz de potenciar la capacidad fagocítica de macrófagos peritoneales aumentando sus 

niveles de GSH (Agarwal et al., 2003). Esto podría explicar el hecho de que en 
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macrófagos peritoneales una concentración de 1 mM de AA sea mas efectiva que una 

superior de 2,5 mM (Victor et al., 2000).  

El siguiente paso en el proceso fagocítico es la activación de la maquinaria que 

permite la digestión o destrucción del material ingerido, para ello uno de los mecanismos 

más efectivos es la producción de radicales libres y ROS. El primer radical formado, el 

anión superóxido, puede medirse mediante la capacidad de reducción de nitroazul de 

tetrazolio (NBT), en base a la reacción equimolecular que sucede entre el anión 

superóxido y el NBT (Bagasra et al., 1988). Los antioxidantes estudiados aumentan los 

niveles de anión superóxido, lo que demuestra que su capacidad de neutralización de los 

oxidantes no interfiere con una mayor estimulación de la maquinaria de generación de 

este radical libre. En el caso de los niveles de anión superóxido en presencia de partículas 

de latex, todos los antioxidantes los aumentan, lo que supone una mejor capacidad 

digestiva de los macrófagos en presencia de las concentraciones utilizadas de los 

antioxidantes estudiados.  De hecho se ha comprobado que el GSH es un antioxidante que 

estimula el estallido respiratorio de los neutrófilos (Atalay et al., 1996), y que el AA 

puede neutralizar eficientemente oxidantes extracelulares derivados de células fagocíticas 

y no afectar a los oxidantes intracelulares que se generan en el fagosoma (Anderson, y 

Luckey, 1987; Jariwalla y Harakeh, 1996).  El aumento que los antioxidantes estudiados 

producen en los niveles de anión superóxido en condiciones basales, sin estímulo 

fagocítico, podría indicar una activación de la reacción implicada en la generación de este 

radical libre. Así, tanto una mayor actividad de la NADPH oxidasa como una mayor 

cantidad de los substratos de la reacción, como es el caso del NADPH, podría explicar la 

presencia de una mayor cantidad del producto de dicha reacción, el anión superóxido. De 

hecho se ha comprobado que el AA estimula la vía de las hexosas fosfatos en los 

neutrófilos, lo que conduce a una mayor síntesis de NADPH y un aumento de la 

reducción del NBT (Anderson, 1979). Este hecho explicaría los elevados niveles de anión 

superóxido detectados en situación basal en presencia de la concentración más elevada de 

AA utilizada (1mM). Resultados similares se han encontrado en otros trabajos en los que 

la mayor estimulación en los niveles de anión superóxido se consiguieron con la 

concentración de 2,5 mM de AA (Victor et al., 2000).  En esta vía no parece actuar la VE, 

dado que los macrófagos no manifiestan ningún cambio en el anión superóxido en 

condiciones de no estimulación por presencia de este antioxidante. También hay que 

tener en cuenta que, en condiciones apropiadas, el anión superóxido puede ser generado 

de la eliminación de radicales por antioxidantes tiolícos como el GSH. Esto tiene lugar en 

concentraciones y características de pH y PO2 que son normalmente encontradas 
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intracelularmente. Así, el anión superóxido podría actuar como un radical “sumidero”, 

siendo eliminado posteriormente por la SOD (Winterbourn, 1993) y la CAT. De hecho, la 

CAT estimula su actividad en los macrófagos peritoneales tras ser incubados con 0,5 y 1 

mM de GSH, NAC y TP (Pomaki et al., 2005). No obstante, es posible que otros 

mecanismos también se encuentren implicados en estos efectos de los antioxidantes, 

como su capacidad de incidir en vías de señalización intracelular (Meydani et al., 1995).  

3.1.2. Efecto de los antioxidantes en la funcionalidad de linfocitos de ratones 

adultos 

Los linfocitos median toda una serie de funciones, pero estas células principales de 

la respuesta inmunitaria también se adhieren a los tejidos para posteriormente migrar al 

sitio de reconocimiento antigénico. Estas dos funciones son compartidas por fagocitos y 

linfocitos. Una de las funciones más destacadas de los linfocitos es su proliferación o 

expansión clonal en respuesta a un antígeno (De la Fuente, 2009b). En la presente tesis se 

ha estudiado el efecto in vitro, sobre esas funciones de linfocitos, de unos antioxidantes 

que contienen azufre, tanto los de tipo tiólico como aquellos que pueden aportar estos 

grupos químicos (Artículo 2). Así, se analizó el efecto de 0,5, 2,5 y 5 mM de glutatión 

(GSH), 0,1, 0,5 y 1 mM de tioprolina (TP) y N-acetilcisteina (NAC) y 4, 20 y 40 mM de 

taurina (TAU) en la capacidad proliferativa espontánea y en respuesta al mitógenos 

ConA de linfocitos de ganglios axilares, bazo y timo de ratones BALB/c adultos (17±3 

semanas de edad).  En general, los antioxidantes estudiados estimulan la proliferación 

espontánea, con menor efecto en timo, y también la llevada a cabo en respuesta a ConA, 

siendo las concentraciones más elevadas de los distintos antioxidantes las que tienen más 

efecto, y las células del bazo en donde las diferencias son más altamente significativas. 

Varios compuestos antioxidantes han demostrado tener capacidad de aumentar la 

proliferación de diversos tipos de células. El aumento o no de la capacidad proliferativa 

depende de la cantidad de oxidantes que tenga la célula, los cuales son necesarios para 

esta función (Oberley et al., 1981; Davies, 1999). Así, bajos niveles de ROS inducen 

respuesta mitogénica y estimulación del crecimiento celular, mientras que un aumento en 

las concentraciones de oxidantes causa una detención de dicha proliferación (Davies, 

1999). De hecho, aunque la proliferación de los linfocitos necesita ciertos niveles de 

ROS, y también son necesarios, en bajas cantidades, en el ambiente de las células que 

proliferan para una correcta señal mitogénica que estimule la proliferación (Pani et al., 

2000a,b), cuando las concentraciones de ROS son altas se produce apoptosis (Davies, 

1999; Hildeman, 2004). Todos estos resultados desarrollaron la idea de la existencia de 
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un ciclo redox en la proliferación celular, en el que los cambios en ROS podrían 

determinar la progresión o parada de la proliferación (Menon y Goswami, 2007). Así, 

mientras la célula va pasando del estado proliferativo al diferenciado y la apoptosis, se va 

dando una progresión en el estado redox del ambiente celular de más reducido a más 

oxidado (Shafer y Buettner, 2001). Los antioxidantes estudiados estarían promoviendo un 

estado más reducido que favorecería la proliferación. De todos los antioxidantes 

estudiados en la presente tesis, el GSH es el que más se ha relacionado con la síntesis de 

ADN, especialmente en las células T (Suthanthiran et al., 1990), y de hecho, es el 

antioxidante más conocido en lo que respecta a su papel en la proliferación de los 

linfocitos (Smyth, 1991; Pieri et al., 1992).  Esto podría explicar el mayor efecto 

encontrado con el GSH en la proliferación linfoide en el presente trabajo. El siguiente 

antioxidante en mostrar un mayor efecto en la proliferación es la NAC, la cual no es sólo 

un precursor de GSH, también es capaz de reemplazar sus niveles (De Flora, 1991). Así, 

se ha comprobado que la suplementación con NAC aumenta los niveles intracelulares de 

GSH y la proliferación de linfocitos de sangre periférica de mujeres postmenopáusicas 

(Arranz et al., 2008). También se ha comprobado que la NAC induce in vitro una 

regulación a la alta de la respuesta proliferativa a mitógenos de linfocitos humanos (Viora 

et al., 2001). En otros estudios previos se observó que la TP in vitro aumentaba la 

proliferación de linfocitos de ratón (Correa et al., 1999a). Además, una dieta 

suplementada con NAC y TP estimula la proliferación de linfocitos murinos (Guayerbas 

et al., 2002b). Puesto que en la presente tesis se ha comprobado como estos antioxidantes 

aumentan la supervivencia de los linfocitos en cultivo, este hecho también podría explicar 

el aumento de la respuesta linfoproliferativa encontrada. El aumento de la supervivencia, 

en células de los tres órganos inmunitarios estudiados, resultó significativo ya desde las 4 

horas de incubación en bazo y timo. En un trabajo previo ya se había comprobado que 

GSH, TP y NAC, en un rango de concentraciones de 0,5 a 5 mM, disminuyen la muerte 

celular programada, tanto la basal como la inducida, en leucocitos peritoneales (Pomaki 

et al., 2005). Es un hecho conocido que el GSH disminuye la apoptosis (Hammond et al., 

2004) y en el presente estudio se ha observado un aumento de los niveles de GSH 

intracelulares tras 3 horas de incubación con 5 mM de este antioxidante, lo que podría 

explicar la mayor viabilidad de las células en cultivo en presencia de los antioxidantes, 

tanto del propio GSH como de los otros que son aportadores del mismo. También la 

inhibición de la apoptosis ha sido descrita para la TAU en una línea de macrófagos, lo 

que parece ser debido a su papel protector frente a la citotoxicidad de las ROS en las 



Resultados y Discusión 
 

 80 

células fagocíticas (Kim y Cha, 2009). La TAU también atenúa la apoptosis en células T 

(Maher et al., 2005).  

Respecto a la movilidad, tanto espontánea como dirigida (quimiotaxis), al igual 

que se ha comentado sucede con los macrófagos, los antioxidantes, a las concentraciones 

mayores utilizadas en este trabajo y que resultaron ser las más efectivas en el estudio de 

la proliferación (5 mM de GSH, 1 mM de TP y de NAC y 40 mM de TAU), estimularon 

esta función en linfocitos de órganos inmunocompetentes y del peritoneo. Son los 

linfocitos del timo y del peritoneo, seguidos de los del bazo, los que muestraron un mayor 

efecto por acción de los antioxidantes, y es el GSH el que produjo mayor estimulación de 

la quimiotaxis. En los linfocitos del peritoneo se probó también el efecto que tenían en la 

quimiotaxis las concentraciones menores y mayores de TP y NAC utilizadas en el 

presente estudio, 0,1 y 1 mM, por separado y conjuntamente. La concentración de 0,1 

mM no mostró efecto con ninguno de esos antioxidantes por separado, pero sí estimuló la 

quimiotaxis cuando se utilizaron conjuntamente. La concentración de 1 mM de nuevo 

demostró estimular esta función de los linfocitos peritoneales,  pero en mayor medida 

cuando se utilizaron los dos antioxidantes conjuntamente. En otros experimentos se había 

comprobado que antioxidantes como la TP (Correa et al., 1999b) y la NAC (De la Fuente 

y Victor, 2001; Puerto et al., 2002), aumentaban la movilidad de linfocitos peritoneales 

de ratones cronológicamente adultos. Resulta curioso que en esos estudios que se han 

mencionado, las concentraciones de 0,1 mM de TP y NAC aumentaran la quimiotaxis, 

mientras que en el de la presente tesis sólo cuando ambos antioxidantes están 

conjuntamente a esas concentraciones lo consiguieran. Una posible explicación es la 

diferencia de cepa utilizada, ratones Swiss en el caso de uno de los estudios con NAC 

(Puerto et al., 2002). No obstante, también puede influir la diferencia de edad de los 

ratones, 22 y 24 semanas en los estudios con NAC  de Puerto et al. (2002) y  De la Fuente 

y Victor (2001), respectivamente, y 27 semanas en el caso del de la TP (Correa et al., 

1999b), mientras que en el trabajo de la presente tesis los animales tenían una media de 

edad de 17 semanas. Una diferencia de unas semanas de edad puede suponer un estado 

fisiológico diferente en los linfocitos, y  podría explicar una distinta respuesta a la misma 

cantidad de antioxidante. De hecho, se ha comprobado que una concentración pequeña de 

NAC in vitro estimula más la quimiotaxis de los linfocitos peritoneales de ratones 

biológicamente más viejos que la de los más jóvenes (Puerto et al., 2002).  

Respecto al efecto de los antioxidantes en la adherencia de los linfocitos 

peritoneales, una función previa a la de la movilidad, al igual que sucedió en los 
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macrófagos, se comprobó que GSH, TP y NAC estimulaban esta función, a los 10 

minutos de incubación, con las concentraciones de 5mM del GSH y 1 mM de TP y NAC. 

Resultados similares han sido obtenidos con 0,1 mM de NAC en linfocitos del peritoneo, 

pero también en los de ganglios axilares, bazo y timo (De la Fuente y Victor, 2001).  

Como ya se ha comentado, el aumento de adherencia, que puede indicar una mayor 

expresión de moléculas de adhesión, lo que ocurre en situaciones de estrés oxidativo 

(Victor et al., 1998; Victor, 2001), puede ser positivo si también se encuentran 

estimuladas otras funciones como la quimiotaxis, hecho que se cumple con estos 

antioxidantes en los linfocitos peritoneales. Resulta curioso que una capacidad que los 

antioxidantes sulfurados como el GSH, NAC y TP, no aumentaban en los macrófagos sí 

lo hagan en los linfocitos. Evidentemente, como se comprobó en este trabajo, la mayoría 

de los linfocitos del peritoneo presentaban el marcador CD19 (un 69±9 %), esto es, eran 

linfocitos B, que a diferencia de los T, muestran una clara capacidad de adherencia a las 

superficies inertes, como la utilizada en la valoración de la adherencia en el presente 

trabajo. Los antioxidantes al aumentarla parecen mostrar la activación que ejercen sobre 

estos linfocitos. 

Como se mencionó en el apartado anterior, los resultados del presente trabajo 

apuntan a que los efectos positivos encontrados, tras ingerir dietas suplementadas con 

antioxidantes como la TP y la NAC, en los linfocitos de ratones adultos (Correa et al., 

1999a; Puerto et al., 2002), pueden ser debidos a una acción directa de esos antioxidantes 

en estas células inmunitarias.  

3.1.3. Efecto de los antioxidantes en la funcionalidad de macrófagos y 

linfocitos de ratones viejo 

Una vez comprobado el efecto in vitro de una serie de antioxidantes en macrófagos 

y linfocitos de ratones adultos,  se quiso comprobar si esos efectos podrían observarse en 

células de animales viejos (Artículo 3 y Artículo 4). Al envejecer se producen cambios 

en las funciones de los macrófagos así como en las de los linfocitos, constituyendo estos 

cambios lo que se ha denominado inmunosenescencia. En general, al avanzar la edad 

tiene lugar un aumento de la adherencia de ambos tipos de células inmunitarias y una 

disminución de la quimiotaxis, tanto en macrófagos como en linfocitos, así como una 

menor capacidad fagocítica de los macrófagos y de la proliferación de los linfocitos a 

mitógenos (De la Fuente et al., 2004a,b; De la Fuente, 2009a; Agarwal y Busse, 2010; 

Shaw et al., 2010; Arranz et al., 2010a).  
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Para llevar a cabo el estudio en macrófagos y linfocitos peritoneales de ratones 

viejos (Artículo 3), se eligió como antioxidante la NAC, la cual fue utilizada en un 

amplio rango de concentraciones: 0,001, 0,01, 0,1, 1 y 2,5 mM. En estas concentraciones 

se encuentran incluidas las ya analizadas in vitro en macrófagos y linfocitos de ratones 

adultos (0,1, 0,5 y 1 mM), pero se introducen algunas más bajas (0,01 y 0,001 mM) y la 

más alta de 2,5 mM, que no habían sido estudiadas. La de 2,5 mM había resultado ser, en 

el caso del GSH, muy efectiva en las funciones del proceso fagocítico de macrófagos 

(Artículo 1) y también en la proliferación de linfocitos (Artículo 2) de animales adultos. 

Se utilizaron ratones BALB/c viejos (78±2 semanas) para la obtención de las células 

peritoneales en las que estudiar los efectos de las concentraciones indicadas de NAC en 

las diferentes funciones del proceso fagocítico (ya comentadas en el artículo 1) y en la 

adherencia y quimiotaxis de linfocitos. Para poder comprobar si las concentraciones de 

NAC conseguían llevar los valores de las funciones estudiadas a los de las células de 

ratones adultos, se incorporó un grupo de ratones de 18±2 semanas de edad, en los que se 

analizaron las funciones mencionadas, en macrófagos y linfocitos peritoneales, para 

disponer en el mismo experimento de un control de edad.  

En relación a las funciones del proceso fagocítico que llevan a cabo los 

macrófagos peritoneales se comprobó que la capacidad de adherencia estaba aumentada 

respecto a la que presentaban las células de adultos, mientras que la capacidad de 

quimiotaxis y de fagocitosis se encontraba disminuida. Estas variaciones con la edad han 

sido ya observadas en otros estudios (De la Fuente et al., 2004b; De la Fuente, 2009a; 

Arranz et al., 2010a). El aumento de la adherencia de los macrófagos al envejecer 

manifiesta el estrés oxidativo que tienen los animales viejos, hecho que se relaciona con 

una mayor expresión de moléculas de adhesión que supone la activación del factor de 

transcripción NFkB  (Victor et al., 2005; Lavie, 2005). Efectivamente, se ha comprobado 

que al envejecer hay un aumento en la activación del NFkB en los leucocitos peritoneales 

de ratones y como la activación de este factor en dichas células se relaciona con la 

capacidad funcional de las mismas y con la longevidad de los animales (Arranz et al., 

2010a). También, un aumento del estrés oxidativo se relaciona con mayores niveles del 

factor inhibidor de la migración (MIF) (Hirokawa et al., 1998; Victor et al., 2005), lo que 

podría explicar la menor quimiotaxis al envejecer. La presencia de NAC in vitro, en el 

amplio rango de concentraciones utilizada en el presente estudio, hizo disminuir la 

adherencia, lo que se manifiestó de forma estadísticamente significativa con las 

concentraciones mayores (0,1, 1 y 2,5 mM) y a tiempos cortos, 10 y 20 minutos, de 

incubación. Así, los valores de adherencia en presencia de esas concentraciones se 
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asemejaron más a los que muestran las células de animales adultos. Curiosamente, estas 

concentraciones de NAC no modificaron la adherencia de macrófagos de ratones BALB/c 

adultos, como se ha visto en los resultados del Artículo 1 de la presente tesis y en otros 

trabajos utilizando células de ratones Swiss jóvenes y estudiando una adherencia a 

fibronectina y colágeno  (Pomaki et al., 2005), así como en macrófagos de ratones 

cronológicamente adultos, pero con envejecimiento prematuro (Puerto et al., 2002). En 

otros estudios NAC, a las concentraciones de 1 y 2,5 mM, estimuló la adherencia de 

macrófagos procedentes de ratones BALB/c adultos, pero en los que se había llevado a 

cabo una manipulación de administración de PBS (Victor y De la Fuente, 2002) y 

también de Swiss adultos (Puerto et al., 2002). De este modo se demuestra la capacidad 

moduladora de un antioxidante como la NAC, no modificando o activando la adherencia 

en macrófagos de animales adultos e inhibiéndola en las células de los de viejos, en los 

que hay un claro aumento de esta función por la situación de estrés oxidativo (De la 

Fuente, 2009a).  También, en macrófagos peritoneales de ratones con un estrés oxidativo 

agudo, como lo es un shock endotóxico letal, en los que se da un aumento de la capacidad 

de adherencia en estas células, esas concentraciones de NAC in vitro disminuyeron esta 

capacidad (Victor y De la Fuente, 2002). Por su parte, la quimiotaxis de macrófagos fue 

estimulada por NAC con todas las concentraciones, a excepción de la menor estudiada. 

Resultados similares han sido obtenidos en células de ratones adultos (Artículo 1 de la 

presente tesis; Puerto et al., 2002; Victor y De la Fuente, 2002). En ratones con 

envejecimiento prematuro (PAM), los cuales presentan una menor quimiotaxis que sus 

compañeros de la misma edad (adultos) no prematuramente envejecidos (NPAM), la 

NAC in vitro estimuló esta función en macrófagos peritoneales (Puerto et al., 2002). En 

estas células de ratones adultos pero con estrés oxidativo agudo por un shock endotóxico 

letal, con una menor quimiotaxis, la NAC in vitro aumentó esta función (Victor y De la 

Fuente, 2002), hecho que parece haber llevado a cabo al modular la expresión del NFkB 

(Victor et al., 2003,2005). Todos estos reultados in vitro, podrían apoyar la idea de que la 

NAC manifestó una acción directa en las células inmunitarias, concretamente al estimular 

la quimiotaxis,  en aquellos estudios en los que este antioxidante se administró en la dieta 

a ratones con envejecimiento prematuro (Puerto et al., 2002; Guayerbas et al., 2005a) o 

como suplemento a mujeres post-menopáusicas (Arranz et al., 2008).  

La capacidad de fagocitosis de partículas inertes (tanto el índice de fagocitosis 

como la eficacia fagocítica), una función que disminuye con la edad (De la Fuente et al., 

2004b; De la Fuente, 2009a; Arranz et al., 2010a), se estimula con NAC (a 

concentraciones de 0,01, 0,1 y especialmente de 1 mM). Este mismo efecto estimulador, 
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que también se produce en células de animales adultos (Artículo 1), se ha encontrado en 

macrófagos de ratones que aunque adultos tienen un mayor estado de estrés oxidativo, 

como sucede en los ratones prematuramente envejecidos (PAM) (Puerto et al., 2002). En 

estos una concentración in vitro de 0,001 mM de NAC ya aumentaba la fagocitosis, 

mientras que en las células de NPAM había que tener 0,1 mM de NAC para observar 

dicho aumento. En el modelo de estrés oxidativo agudo por shock endotóxico que hemos 

estudiado en nuestro laboratorio, la fagocitosis de macrófagos peritoneales aumentaba 

tras la administración de la endotoxina (LPS bacteriano) (Victor et al., 1998). Es evidente 

que la diferente respuesta en esta función a un estrés oxidativo crónico, como es el 

envejecimiento, en el que la fagocitosis de los macrófagos peritoneales de ratones 

disminuye (De la Fuente, 2009a; Arranz et al., 2010a) y a un estrés oxidativo agudo, 

como es la endotoxemia, en el que aumenta (Victor et al., 1998) está demostrando un 

diferente mecanismo intracelular de los mediadores de ambas situaciones de estrés 

oxidativo. El papel modulador de los antioxidantes como la NAC queda de manifiesto al 

comprobarse que a las mismas concentraciones a las que aumenta in vitro la fagocitosis 

de los macrófagos peritoneales de animales viejos o adultos (Puerto et al., 2002; Victor y 

De la Fuente, 2002; Pomaki et al., 2005), la disminuye en células de animales con shock 

endotóxico letal (Victor y De la Fuente, 2002). Un hecho curioso es la falta de efecto 

observada en el presente trabajo (Artículo 3) con la concentración mayor de NAC que se 

utilizó, la de 2,5 mM, la cual sí fue efectiva en células de ratones adultos (Puerto et al., 

2002; Victor y De la Fuente, 2002). En el Artículo 1 de la presente tesis se ha observado 

que una concentración más alta de un antioxidante como el GSH produce menos efecto 

en la fagocitosis que otra más baja. También, en otro estudio se ha comprobado que 5 

mM de NAC no tiene efecto en la fagocitosis de los macrófagos de ratones adultos, 

mientras que concentraciones más bajas sí eran efectivas (Pomaki et al., 2005). Esto 

podría significar que in vitro una concentración elevada de NAC neutraliza demasiado los 

niveles de ROS que produce la célula, y ésta no puede llevar a cabo su función, para la 

que necesita unas cantidades determinadas de oxidantes. Se estaría generando otro 

desbalance ROS/antioxidantes, con menores niveles de ROS que los necesitados por la 

célula para esa función (Knight, 2000).  

Los niveles de anión superóxido en los leucocitos peritoneales de ratones BALB/c 

viejos que hemos medido en el presente trabajo son mayores que los de los animales 

adultos. Resultados similares han sido obtenidos en otros estudios, utilizando una técnica 

similar de medida, en células peritoneales de ratones (Guayerbas et al., 2002a,b,c) y en 

neutrófilos de sangre periférica humana (Arranz et al., 2008). No obstante, también se 
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han encontrado resultados opuestos, esto es, una disminución en los niveles de anión 

superóxido intracelulares en células peritoneales al avanzar la edad (De la Fuente et al., 

2004b; Alvarado, 2006). Realmente, esta función del proceso fagocítico es la que más 

diversidad de resultados ha demostrado en lo que respecta a sus cambios con el 

envejecimiento (Alvarez et al., 1995, 2001). En presencia de 0,1 y 1 mM de NAC los 

niveles de anión superóxido aumentaron, tanto los no estimulados como los estimulados 

por la presencia de bolas de latex. También en leucocitos peritoneales de ratones adultos 

la NAC, a esas concentraciones, aumentó tales niveles (Artículo 1). Resultados similares 

fueron obtenidos con este antioxidante en otros trabajos (Victor et al., 1999; Victor y De 

la Fuente, 2002). Estos datos vuelven a demostrar que la capacidad antioxidante de NAC 

no interfiere con la generación de anión superóxido y, en este aspecto, se podrían hacer 

los mismos comentarios que se han hecho en la discusión del Artículo 1.  

Si consideramos las funciones de adherencia y quimiotaxis de los linfocitos al 

envejecer, dos capacidades que comparten con los fagocitos, las mismas aumentan y 

disminuyen, respectivamente, cuanto mayor es la edad cronológica y biológica del 

individuo (Guayerbas et al., 2002b,c; De la Fuente, 2009a). También estas funciones se 

modifican, en ese mismo sentido, en linfocitos peritoneales de ratones con un estrés 

oxidativo agudo por shock endotóxico letal (De la Fuente y Victor, 2000).  En el presente 

trabajo estas funciones, en células del peritoneo de ratones BALB/c viejos aparecen, de 

acuerdo con lo indicado, aumentada la adherencia y disminuida la quimiotaxis, en 

comparación con como se encontran en los ratones adultos. La presencia de NAC in vitro 

disminuyó la adherencia, al menos con concentraciones de 0,1 a 2,5 mM y a los 10 

minutos de incubación, pero no modificó la quimiotaxis. En células de ratones adultos 

con shock endotóxico letal, la administración de NAC i.p. disminuye la adherencia 

aumentada y aumenta la quimiotaxis disminuida por la endotoxemia, sin embargo, este 

antioxidante aumenta ambas funciones en las células de los animales controles (De la 

Fuente y Victor, 2000). En linfocitos de ratones adultos con envejecimiento prematuro 

(PAM), los cuales muestran una mayor adherencia y menor quimiotaxis que sus 

compañeros de la misma edad cronológica pero no prematuramente envejecidos 

(NPAM), la NAC in vitro disminuyó la adherencia en las células de PAM pero la 

aumentó en las de NPAM, mientras que la quimiotaxis resultó aumentada en las células 

de ambos (Puerto et al., 2002). La falta de respuesta en la quimiotaxis de los linfocitos de 

ratones viejos a las concentraciones de NAC utilizadas en el presente trabajo, aunque se 

observó una ligera tendencia a aumentar esta función con la concentración mayor, parece 

apuntar a que en esta función concreta serían necesarias mayores cantidades de este 



Resultados y Discusión 
 

 86 

antioxidante, cuando estamos con células de animales cronológicamente viejos, para 

obtener estimulaciones estadísticamente significativas. 

En el Artículo 4 se analizó el efecto in vitro de antioxidantes como el GSH (5mM) 

y la TP (1mM) en una serie de funciones de linfocitos como la movilidad, tanto 

espontánea como dirigida, y la proliferación en respuesta al mitógeno ConA, utilizando 

leucocitos de ganglios axilares, bazo y timo de ratones viejos. En este estudio los 

animales fueron de la cepa Swiss, diferente a la usada en los anteriores trabajos de la 

presente tesis. 

Respecto a la movilidad, tanto la espontánea como la quimiotaxis, funciones que 

disminuyen al envejecer en los linfocitos peritoneales de ratones y en los de sangre 

periférica de humanos (Arranz et al., 2008; 2010a), resultó significativamente disminuida 

en linfocitos de ganglios axilares, bazo y timo de ratones viejos en comparación con la de 

los adultos. La presencia de GSH y TP estimula significativamente estas funciones en 

todos los casos con excepción de la quimiotaxis de bazo con el GSH. De este modo, la 

presencia de los antioxidantes in vitro acerca los valores de la movilidad de las células de 

ratones viejos a la de las células de los adultos, llegando a igualarse en el caso de la 

movilidad espontánea de bazo y timo.  

La capacidad de proliferación de los linfocitos en respuesta a mitógenos (usados 

en el laboratorio para mimetizar la respuesta in vivo a los antígenos) disminuye de forma 

significativa con el envejecimiento. Este hecho ha sido ampliamente comprobado, tanto 

en humanos como en animales de experimentación (Pawelec et al., 2002; Aw et al., 2007; 

Alonso-Fernández et al., 2008; De la Fuente, 2009a; Arranz et al., 2010a). Los resultados 

obtenidos en el presente estudio son coincidentes con los de la bibliografía. Cuando se 

incubaron los leucocitos de ratones viejos con GSH y con TP, los niveles de proliferación 

de los linfocitos T en respuesta a la Con A aumentaron significativamente, asemejándose 

a los de las células adultas, llegando a igualarse con los dos antioxidantes en el caso del 

timo y con GSH en el bazo. La TP en linfocitos de bazo consiguió superar los niveles de 

proliferación de las células adultas. Ya se ha comentado anteriormente el papel del estado 

redox en la proliferación de los linfocitos y el de antioxidantes como el GSH en esta 

función. Parece evidente pensar que si GSH y TP demostraron tener un claro papel 

estimulador de la proliferación de los linfocitos de ratones adultos (Artículo 2 de la 

presente tesis), lo tengan también en las células de animales viejos. Aunque no es posible 

hacer una comparación directa de los datos, pues en el caso de las células de adultos los 
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resultados se expresaron como porcentaje de estimulación proliferativa y en el caso de las 

de viejos en la absorbancia que daba el cultivo, sí se puede observar un efecto más 

significativo, en general, de los antioxidantes en las células de ratones viejos. Hay que 

tener en cuenta que tanto el GSH como la TP aumentaron la viabilidad de las células en 

cultivo, especialmente en incubaciones de 48 y 72 horas, tiempo coincidente con el 

utilizado para medir la proliferación de los linfocitos. Además, es el GSH el que muestra 

mayor efecto. Ya se comentó como estas concentraciones de GSH y TP aumentaban la 

viabilidad de linfocitos de las mismas localizaciones de ratones adultos y como era el 

GSH a 5mM el que más efecto tenía en la proliferación de los linfocitos (Artículo 2). Se 

podría pensar en el papel de estos antioxidantes disminuyendo la apoptosis de estas 

células inmunitarias (Hammond et al., 2004; Pomaki et al., 2005), siendo la muerte 

programada, un proceso que aumenta con el envejecimiento y que se encuentra implicado 

en el deterioro inmunitario (Tower, 2015), uno de los posibles mecanismos que expliquen 

los resultados encontrados.  

3.1.4. Efecto de los antioxidantes en la actividad NK de ratones jóvenes, 

adultos, maduros y viejos 

Los resultados correspondientes a este apartado se recogen en el Artículo 5. Al 

observar cómo se modificó la actividad NK al avanzar la edad, en leucocitos de 

diferentes localizaciones, en ratones BALB/c, se aprecia la disminución que, al envejecer, 

tiene, en general, esta actividad citotóxica frente a células tumorales. Aunque hay 

resultados contradictorios, con trabajos que demuestran desde ausencia de cambios a un 

aumento de esta actividad al avanzar la edad (Krishnaraj, 1992,1997; Krause et al., 1999; 

Solana et al., 1999, 2012), la mayoría de los trabajos publicados al respecto indican una 

clara disminución de la actividad NK en el envejecimiento (Albright y Albright, 1998; 

Pawelec et al., 2002; Albright et al., 2004; Puerto et al., 2005; Alvarado, 2006; De la 

Rosa et al., 2006; Arranz et al., 2010a). Este hecho es uno de los que parecen explicar, al 

menos en parte, el aumento en la incidencia de cánceres que tiene lugar al envejecer. En 

el estudio que se ha llevado a cabo en la presente tesis se muestra que tal disminución de 

la actividad NK se manifiesta si tomamos como referencia la edad adulta (24±2 semanas). 

De hecho, los jóvenes (8±2 semanas) presentaron también una menor actividad NK que 

los adultos. Esta es una de las razones que pueden explicar los resultados tan 

contradictorios que se tienen publicados sobre los cambios de ésta función inmunitaria, y 

de otras, al avanzar la edad. Es evidente que si el investigador considera a ratones de 8 

semanas como adultos (algo muy habitual en los estudios inmunitarios en los que se 
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suelen utilizar animales de esta edad), el resultado que obtiene al comparar con los 

maduros (48±2 semanas), edad que puede ser considerada por algunos investigadores 

como viejos, es que la actividad NK aumenta al avanzar la edad. Si la comparación se 

hace con ratones viejos de 72±2 semanas, la conclusión es que no hay cambios en esta 

función inmunitaria al envejecer. Esto es algo que puede suceder con otras funciones que 

tienen una cinética de evolución similar, como es el caso de la respuesta 

linfoproliferativa, la secreción de IL-2 o la fagocitosis (Guayerbas et al., 2002; De la 

Fuente et al., 2004a,b; Alvarado, 2006; De la Fuente, 2009a; Alonso-Fernandez y De la 

Fuente, 2011). En el presente trabajo, el timo no manifiesta cambios en la actividad NK 

de sus células al envejecer, debido posiblemente a las subpoblaciones  que tiene  y su 

clara involución con la edad (Pawelec et al., 2002). 

Respecto al efecto in vitro de varios antioxidantes como TP y NAC (1 mM) y AA 

y VE (0,005 mM) sobre la actividad NK en leucocitos de ganglios axilares, bazo, timo y 

peritoneo de animales jóvenes, adultos, maduros y viejos (Artículo 5), los resultados 

muestran, en general, un efecto estimulador. Aunque se utilizaron las concentraciones que 

en estudios previos demostraron efectos activadores de funciones inmunitarias (Artículo 

1), hay que tener en cuenta que los antioxidantes aportadores de GSH como la TP y la 

NAC se han utilizado en cantidades mucho mayores que las empleadas de AA y VE. 

Cuando se analizan los resultados en células de jóvenes y adultos, se observa que tuvo 

lugar una clara estimulación de la NK con todos los antioxidantes, siendo más relevante 

en células de timo y con menores efectos en las de peritoneo. Esas diferencias pueden 

atribuirse a las distintas subpoblaciones leucocitarias que hay en esas localizaciones 

(Guayerbas, 2003). Únicamente no se alcanzan diferencias con los controles, que sean 

estadísticamente significativas, en las células de bazo y peritoneo de adultos con el AA y 

en las del peritoneo de jóvenes con TP, NAC y VE. La estimulación de la actividad NK 

en los leucocitos por la presencia de los antioxidantes puede ser debida a diversos 

mecanismos. Es posible que se mejore la disposición del citoesqueleto celular, 

permitiendo un mejor contacto entre los leucocitos y las células tumorales, lo que 

posibilita un mejor programa de apoptosis de estas células tumorales. Este hecho ha sido 

comprobado en células de sangre periférica humana en presencia de  NAC (Rivabene et 

al., 1995). También el aumento en la liberación de citoquinas que producen los 

antioxidantes, como la IL-2 (Meydani et al.,1991), y que estimulan la actividad NK 

(Sayers et al., 1990), podría ser otro de los mecanismos utilizados. De hecho, se ha 

comprobado la estimulación en la liberación de IL-2 y en la actividad NK tras la 

administración de antioxidantes como la NAC, lo cual parece ser consecuencia del 
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aumento en los niveles de GSH que tiene lugar en las células inmunitarias (Arranz et al., 

2008). También se ha comprobado en otros estudios que la VE y el AA tienen un papel 

relevante en la activación de la funcionalidad de las NK (Ashfaq et al., 2000; Kim et al., 

2012; Huijskens et al., 2015).  

Es evidente que conseguir los niveles de antioxidantes que permitan una mejor 

actividad NK es más difícil en células de animales viejos, las cuales tienen un alterado 

estado redox. De hecho,  los resultados obtenidos en los leucocitos de animales maduros 

y viejos, parecen mostrar que aunque la presencia de los antioxidantes  estudidos estimule  

la actividad NK, estos efectos son algo menores que en las edades más jóvenes. De nuevo 

son las células del timo las que muestra mayor respuesta a los antioxidantes, siendo 

menores la que tienen las de otras localizaciones. En ganglios axilares y bazo, las células 

de maduros se encontraron menos estimuladas que las de los viejos, no apareciendo 

diferencias significativas, estadísticamente, con NAC, AA y VE. 

 

3.2. DISCUSIÓN DE LOS RESULTADOS CORRESPONDIENTES AL 

SEGUNDO GRAN OBJETIVO: Estudiar el efecto de antioxidantes, 

administrados en la dieta o cómo suplementos, en la modulación de la 

función inmunitaria en la edad adulta y en la vejez de animales de 

experimentación y en el ser humano  

 Este segundo objetivo general se ha desarrollado en 2 grandes sub-objetivos, cada 

uno de los cuales se ha subdividido a su vez en varios objetivos concretos, a los que se ha 

ido dando respuesta con los experimentos publicados en los artículos correspondientes. 

3.2.1.  ¿La ingestión de antioxidantes en la dieta puede modificar la 

funcionalidad de las células inmunitarias en la edad adulta? 

Este objetivo se ha dividido en otros dos más concretos. 

3.2.1.1. ¿Es relevante la cantidad, baja o alta,  de un antioxidante, como la vitamina E, 

que se administra en la dieta, sobre la funcionalidad de células inmunitarias de animales 

adultos?. 

La respuesta se recoge en el ARTÍCULO 6.  
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3.2.1.2. ¿La administración en la dieta de dos antioxidantes sulfurados que aportan 

glutation  como la N-acetilcisteina (NAC) y la tioprolina (TP), puede estimular la 

funcionalidad de los macrófagos peritoneales de ratones adultos?. ¿Puede haber 

diferencias por la cepa de ratones utilizada?.  

La respuesta se recoge en el ARTÍCULO 7. 

En los experimentos correspondientes a estos artículos se han utilizado como 

animales de experimentación cobayas y ratones (de las cepas BALB/c y Swiss), y como 

antioxidantes suministrados en la dieta: vitamina E así como NAC y TP, respectivamente. 

 
3.2.1.1. Efecto de la ingestión de dietas con baja y alta cantidad de vitamina E 

sobre la funcionalidad de las células inmunitarias de cobayas jóvenes  

Para comprobar si había diferencias en los efectos que dietas con cantidades bajas 

y altas de un antioxidante, como la vitamina E, pueden tener en las funciones de 

macrófagos y linfocitos, se llevó a cabo un estudio en cobayas (Artículo 6). Aunque hay 

numerosas aportaciones sobre los problemas para la salud que puede tener la deficiencia 

en vitamina E, y los beneficios de la ingestión de cantidades de esta vitamina superiores a 

las recomendadas, especialmente para el sistema inmunitario, (Meydani et al., 1997; Peng 

et al., 1998; Hernandez et al., 2009; Pekmezci, 2011; Curtis et al., 2014; Rizvi et al., 

2014; Traber, 2014; Ulatowski y Manor, 2015), también hay estudios que han mostrado 

posibles efectos desfavorables de la ingestión de altas y continuas cantidades de este 

antioxidante (Viña et al., 2007; Marosz y Chlubek, 2014; Vrolijk et al., 2015). De hecho, 

se ha propuesto que no es necesaria la suplementación con antioxidantes si se tiene una 

dieta adecuada (Ginter et al., 2014). Ya se ha comentado el relevante papel de la vitamina 

E frente al daño oxidativo, especialmente en los leucocitos (Meydani et al., 1990, 

1994,1997,2005) y de forma importante en los macrófagos (Coquette et al., 1986). Así, 

toda una serie de estudios demuestran el efecto positivo que tiene la ingestión de vitamina 

E para la función inmunitaria, incluso en cantidades relativamente elevadas (Wu y 

Meydani, 2014). En el estudio llevado a cabo en la presente tesis, el grupo de cobayas 

que ingirieron una dieta con bajas cantidades de vitamina E (15 mg/kg/dieta), tomaron de 

0,6 a 0,75 mg/día, lo que supone una dieta cercana, aunque menor, al mínimo de 

requerimiento diario para mantenimiento en las cobayas (1 mg/día) según el “National 
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Research Council” (1978). Los animales que tomaron la dieta intermedia ingirieron 6 

veces el requerimiento mínimo diario, estando en el rango de cantidad en dieta de 

mantenimiento. La dieta con alta cantidad contenía 65 veces el mínimo requerido. 

Tomada la de cantidad media de vitamina E como dieta control de referencia, los 

resultados han demostrado que la quimiotaxis de los macrófagos de cobayas estaba 

significativamente disminuida en los animales que tomaron la dieta “baja” y estimulada 

en los de la “alta”. El efecto estimulador de la dieta “alta” de vitamina E podría ser 

debido a que este antioxidante disminuye el factor inhibidor de la migración (MIF) que 

producen los macrófagos (Sakamoto et al., 1998). En el estudio in vitro del Artículo 1, los 

resultados también indicaron que la vitamina E activa la quimiotaxis de macrófagos 

peritoneales de ratones adultos. La falta de efecto de la dieta con baja cantidad de 

vitamina E podría estar manifestando que las células inmunitarias de esos animales tienen 

un estado de estrés oxidativo. De hecho, en situaciones de oxidación, tanto crónica (el 

caso del envejecimiento) como aguda (el del shock endotóxico) la quimiotaxis de los 

macrófagos peritoneales se encuentra disminuida (Victor et al., 1998; Arranz et al., 

2010a). La fagocitosis de estas células aparece con mayores valores en los animales que 

toman la dieta “baja” en vitamina E. Aunque este resultado es opuesto al obtenido con 

vitamina E in vitro, en macrófagos peritoneales de ratón, hay situaciones de elevado 

estrés oxidativo, como el que tiene lugar en el shock endotóxico letal, en el que la 

fagocitosis de los macrófagos peritoneales aumenta (Victor et al., 1998). No se puede 

descartar, por tanto, una situación similar en los macrófagos de cobayas que ingieren una 

dieta con baja cantidad de vitamina E. Además, hay que tener en cuenta que los animales 

utilizados tenían 8 semanas de edad, es decir eran jóvenes, y hay estudios que demuestran 

una situación de estrés oxidativo en las células inmunitarias de ratones jóvenes 

(Alvarado, 2006; Alvarado et al., 2006a). La capacidad de fagocitosis fue similar en las 

células de los animales con dosis media y alta, lo que concuerda con lo obtenido por otros 

autores (Hogan et al., 1992). En lo que respecta a los niveles de anión superóxido, los 

resultados muestraron también niveles semejantes en células de animales que ingirieron 

una dieta “media” y “alta” de vitamina E, pero mayores que los de los leucocitos 

peritoneales de cobayas con dieta “baja”. Este dato vuelve a apoyar la idea de una menor 

capacidad funcional, en este caso de la actividad digestiva de los macrófagos, en las 

células inmunitarias de los animales que ingieren baja cantidad de un antioxidante como 

la vitamina E.  
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En las funciones de los linfocitos peritoneales, si bien en la quimiotaxis no hay 

diferencias estadísticamente significativas, aunque si hay un aumento en las células de los 

animales con dieta “alta” en comparación con dieta “baja”, en la proliferación la dieta con 

cantidades altas de la vitamina E produce un aumento de esta actividad, tanto a nivel 

espontáneo como en respuesta al mitógeno PHA. La mayoría de los trabajos en los que se 

estudia el efecto de este antioxidante en la proliferación de linfocitos, el aspecto más 

analizado en cuanto a los efectos de esta vitamina en la respuesta inmunitaria, observan 

una estimulación de la misma (Meydani et al., 1990, 1994,1997,2005; Sakai y Moriguchi, 

1997; Hernandez et al., 2009). Este efecto se ha explicado por el papel inhibidor de la 

vitamina E sobre la producción de prostaglandina E2 por parte de los macrófagos, lo que 

se correlaciona con un aumento de la secreción de IL-2 por los linfocitos T vírgenes 

(Beharka et al., 1997; Adolfsson et al., 2001; Meydani et al., 2005), y con las variaciones 

en otras citoquinas (Hernández et al., 2009). También el papel regulador de este 

antioxidante en el ciclo celular podría explicar su efecto en la proliferación de linfocitos 

(Han et al., 2004). En resultados de humanos se ha comprobado el papel 

inmunomodulador de la vitamina E en la proliferación de linfocitos, aumentandola o 

disminuyéndola dependiendo de los niveles iniciales de la misma (De la Fuente y Victor, 

2000).  

Es evidente que cantidades mayores que las recomendadas para vitamina E parecen 

tener un importante capacidad para  potenciar la función de macrófagos y linfocitos. No 

obstante, debería evitarse tanto un déficit en la ingestión de este antioxidante como un 

exceso (con cantidades superiores a las utilizadas en el estudio de la presente tesis 

(Artículo 6), para evitar los posibles efectos no deseados que han sido indicados en varias 

publicaciones (Calder y Kew, 2002; Viña et al., 2007; Marosz y Chlubek, 2014; Vrolijk 

et al., 2015). 

3.2.1.2. Efecto de la ingestión de una dieta suplementada con NAC y TP sobre 

la funcionalidad de las células inmunitarias de ratones adultos. Comparación 

entre dos cepas 

En animales adultos se quiso también comprobar el efecto de la administración 

conjunta en la dieta, durante 5 semanas, de dos antioxidantes como la N-acetilcisteína 

(NAC) y la tioprolina (TP), a una concentración de 0,1% p/p de ambos antioxidantes, 

sobre la funcionalidad de macrófagos y linfocitos. Además, como en los estudios in vitro 

con células de animales adultos se habían utilizado únicamente ratones de la cepa 
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BALB/c, parecía interesante saber si había diferencias por la cepa de ratón utilizada. Por 

ello se hizo en paralelo el estudio con ratones BALB/c, que son singénicos, y con Swiss, 

que no lo son.  Los resultados obtenidos se recogen en el Artículo 7.  

El efecto de la ingestión de la dieta indicada en la adherencia, quimiotaxis y 

fagocitosis de macrófagos peritoneales de ratones BALB/c, reproduce los resultados 

obtenidos in vitro para cada uno de esos antioxidantes por separado (Artículo 1). Así, no 

se modificó la capacidad de adherencia y se estimuló la de quimiotaxis y la de 

fagocitosis. Esto parece apuntar a que los efectos encontrados tras la ingestión de la dieta 

se deben a la acción directa de los antioxidantes en los macrófagos. Curiosamente, esa 

dieta sí aumentó la adherencia en las células de ratones Swiss. Es posible que al presentar 

los macrófagos de ratones BALB/c unos valores de adherencia en los controles 

significativamente más elevados que los de los Swiss de su misma edad, los antioxidantes 

ya no requieran aumentar una función tan estimulada. El efecto positivo de la ingestión 

de estos antioxidantes queda de manifiesto con el aumento,  en las dos cepas, de la 

quimiotaxis y la fagocitosis de macrófagos. En la fagocitosis, analizada por el índice 

fagocítico (número de partículas que ingieren cien macrófagos) aparecen, de nuevo, 

diferencias entre las dos cepas.  En este caso se partió de valores controles muy 

parecidos, pero la ingestión de los antioxidantes produjo una mayor estimulación de esta 

función en las células de la cepa Swiss que en las de la BALB/c. No se encontró ninguna 

diferencia al analizar la eficacia fagocítica (el porcentaje de macrófagos que ingieren al 

menos una partícula). Al no haberse estudiado este aspecto fagocítico en el trabajo in 

vitro no se puede saber si en este caso se reproducirían o no los efectos. Otra función que 

se estimuló con la ingestión de los antioxidantes fue la secreción de IL-1β. También en 

este caso, al ser los valores controles más elevados en la cepa BALB/c, el aumento que 

produce la dieta es menor en las células de esta cepa que en las de la Swiss. Hay que tener 

presente que aunque la IL-1β es una citoquina pro-inflamataroria, su secreción por 

macrófagos, tras ser estimulados con un reto antigénico o mitogénico, es necesaria para la 

adecuada presentación antigénica, proliferación de los linfocitos y regulación de su 

función (Oppenheim y Gery, 1982; Netea et al., 2014). De hecho, la liberación de IL-1β 

por neutrófilos es  mayor en células de centenarios sanos que en las de personas de menor 

edad (Miyaji et al., 2000). 

Los niveles de anión superóxido en células de ratones BALB/c no se modificaron 

tras la ingestión de la dieta, mientras que estos antioxidantes in vitro producían en los 

leucocitos peritoneales un aumento de tales niveles (Artículo 1). Es posible que la 
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activación que se observó in vitro haya quedado compensada, en el caso del presente 

estudio ex vivo, por el papel neutralizador de las ROS que ejercen los antioxidantes de la 

dieta o sus productos en el organismo. Los niveles de anión superóxido en los leucocitos 

de los ratones Swiss controles son mucho más elevados que en los BALB/c, y 

curiosamente en la cepa Swiss la ingestión de antioxidantes disminuye tales niveles. Se 

aprecia de nuevo una capacidad inmunomoduladora de los antioxidantes que se ingieren 

en la dieta y que ha sido ya observada en otros trabajos (De la Fuente y Victor, 2000). 

 

3.2.2.¿La ingestión de antioxidantes en la dieta, o como suplementos, puede 

modificar la funcionalidad de las células inmunitarias en la vejez? 

Este sub-objetivo se ha dividido en otros más concretos que se indican 

seguidamente: 

A) Estudios en animales de experimentación: 

3.2.2.1. ¿La cantidad de antioxidante que hay que incorporar a la dieta para restaurar la 

función inmunitaria en la vejez de los animales de experimentación es similar a la 

requerida para mejorarla en la edad adulta o sería necesario una cantidad mayor dado el 

deterioro funcional que se experimenta al envejecer?. 

La respuesta se recoge en el ARTÍCULO 8. 

3.2.2.2. ¿Suplementar la dieta con un antioxidante como la tioprolina puede en animales 

cronológicamente viejos evitar  el deterioro funcional de las células inmunitarias?. 

La respuesta se recoge en el ARTÍCULO 9. 

3.2.2.3. ¿Podría darse una relación entre actividad exploratoria y función inmunitaria en 

ratones viejos que permitiera el establecimiento de un modelo de inmunosenescencia  

prematura y consecuentemente de mayor senescencia, que posibilite el estudio del efecto 

de dietas suplementadas con antioxidantes en la función inmunitaria y en la longevidad?.  

La respuesta se recoge en el ARTÍCULO 10. 

3.2.2.4. ¿La ingestión de una dieta suplementada con NAC +TP podría ser efectiva en 

ratones viejos con envejecimiento prematuro?. 
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La respuesta se recoge en el ARTÍCULO 11 (REVISIÓN 7). 

3.2.2.5. ¿La ingestión durante largos periodos, de 15 y 30 semanas, de dietas enriquecidas 

con  antioxidantes nutricionales de tipo polifenólico podría mejorar la función 

inmunitaria en ratones maduros y viejos?. 

La respuesta se recoge en el ARTÍCULO 12. 

En estos trabajos se han utilizado ratones de la cepa Swiss y los antioxidantes 

incorporados a las dietas han sido la N-acetilcsteína (NAC) y la tioprolina (TP), así como 

cereales conteniendo diversos polifenoles.  

B) En el ser humano 

3.2.2.6. ¿La función inmunitaria podría mejorarse en mujeres septuagenarias tras tomar 

durante 4 meses un suplemento de vitamina C (1000 mg/día) y vitamina E (200 mg/día)?, 

¿haría más efecto si las mujeres presentaran alguna patología?. 

La respuesta se recoge en el ARTÍCULO 13. 

3.2.2.7. ¿La ingestión durante 3 meses de un suplemento de vitamina E (200 mg/día), de 

vitamina C (500 mg/día) o de vitamina C (500 mg/día) conjuntamente con vitamina E 

(200 mg/día) podría mejorar la función inmunitaria en hombres y en mujeres 

septuagenarios?, ¿se asemejarán los valores funcionales a los de personas 

cronológicamente adultas?. 

La respuesta se recoge en el ARTÍCULO 14 y en el ARTÍCULO 15. 

Estos tres últimos trabajos se han realizado con personas septuagenarias (hombres 

y mujeres), a los que se les suministró suplementos de vitamina E y vitamina C.  

Como ya se ha comentado, al envejecer se produce una inmunosenescencia que 

tiene como base un estrés oxidativo crónico. Por ello, el papel beneficioso de la ingestión 

de dietas suplementadas con antioxidantes para neutralizar la oxidación de las células 

inmunitarias parece más evidente en la vejez. De hecho, hay toda una serie de trabajos 

que han comprobado este positivo efecto. Dado que varios antioxidantes, como los que 

aportan glutation (NAC y TP), tienen in vitro un efecto modulador de las funciones de 

macrófagos y linfocitos de ratones viejos, acercando los valores de las mismas a los que 

muestran las células de adultos (Artículos 3, 4 y 5), y dado el efecto positivo encontrado 
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en animales suplementados con ambos antioxidantes NAC+TP para la función 

inmunitaria en ratones adultos de dos cepas (Artículo 7), se llevaron a cabo una serie de 

estudios para comprobar el posible efecto beneficioso de la ingestión de dietas 

suplementadas con esos antioxidantes en animales viejos.  

3.2.2.1. Efecto de la ingestión de dietas suplementada con 0,1% o 3% de NAC 

y TP sobre la funcionalidad de las células inmunitarias de ratones adultos y 

viejos  

Para responder a la pregunta planteada de si la cantidad de antioxidante que hay 

que incorporar a la dieta para poder restaurar la función inmunitaria, en los animales de 

experimentación viejos, es similar a la requerida para mejorarla en la edad adulta o sería 

necesario una cantidad mayor, se diseñó el experimento que se recoge en el Artículo 8. 

Como las células inmunitarias necesitan unos niveles óptimos de antioxidantes para 

mantener adecuadamente su función y dado que con el envejecimiento se produce un 

mayor estrés oxidativo y las células inmunitarias son muy sensibles al balance 

oxidantes/antioxidantes en lo que respecta a su funcionalidad (McArthur,1998; Knight, 

2000; Vida et al., 2014), se quiso comprobar  si la  cantidad de antioxidante que hay que 

incorporar a la dieta para restaurar la función inmunitaria en la vejez de los animales de 

experimentación sería mayor a la necesaria en los adultos, dado el deterioro funcional que 

se experimenta al envejecer. De hecho, ya se había apuntado que los requerimientos de 

antioxidantes en la vejez son mayores que en la edad adulta (Chandra, 1997). Puesto que 

se había comprobado que, en los adultos, la ingestión de una dieta durante 5 semanas con 

0,1 % p/p de TP +NAC tenía efectos beneficiosos en diversas funciones de macrófagos, 

especialmente en ratones de la cepa Swiss (Artículo 7), se eligió esta cepa, esos 

antioxidantes y esa duración  del tratamiento, así como ese porcentaje para la dieta con 

menor cantidad de suplementación. Además, se ampliaron las funciones estudiadas y se 

incorporó al estudio tanto animales viejos como el uso de una dieta con mayores 

cantidades de tales antioxidantes (0,3% p/p).  

Si comparamos los resultados encontrados en el presente experimento con los del 

Artículo 7, en las funciones de macrófagos, se observan similitudes, con la salvedad de 

unos valores de adherencia mayores y de anión superóxido intracelular menores en los 

del presente trabajo, lo que refleja la diferencia de edad de los ratones adultos, 28 

semanas en el experimento anterior (Artículo 7) y 33 semanas en éste que se está 

comentando.  Esto explicaría el hecho de que en estas funciones no se obtuviese, tras la 
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ingestión de la dieta con 0,1% de los antioxidantes, una modificación en la adherencia, en 

lugar del aumento observado en el trabajo anterior (Artículo 7) y un aumento del anión 

superóxido estimulado, en lugar de la disminución previamente observada (Artículo 7). 

Aunque los valores obtenidos en el anión superóxido no estimulado son bajos en los 

controles del presente trabajo, el tratamiento los disminuyó, lo que parece indicar que los 

antioxidantes deben llegar a las células inmunitarias a una concentración baja, menor que 

la de 0,1 mM que,  cómo se observó en el Artículo 1, no tenía efecto en este parámetro. 

Evidentemente, una disminución de anión superóxido intracelular en condiciones de no 

estimulación y de aumento en presencia de agentes a fagocitar (situación de estimulación) 

es lo que resulta fisiológicamente más beneficioso, y es lo que sucede en las células 

peritoneales de los ratones adultos con la dieta de 0,1%.  En lo que respecta a las 

cantidades de anión superóxido extracelular, tanto en condiciones de estimulación como 

de no estimulación, se aprecia claramente que son menores que las encontradas a nivel 

intracelular, lo cual ha sido confirmado en otros estudios (De la Fuente et al., 2004b). En 

el presente trabajo, la dieta de antioxidantes del 0,1% los disminuyó, lo que representa un 

efecto beneficioso, dado que el superóxido extracelular es el que se relaciona 

directamente con el daño oxidativo que pueden generar las células inmunitarias. De 

hecho, estos niveles extracelulares aumentan al envejecer, a diferencia de los 

intracelulares que disminuyen (De la Fuente et al., 2004b). Tanto la quimiotaxis como la 

fagocitosis de los macrófagos, presentaron valores en controles algo menores que los 

observados en el Artículo 7, lo que vuelve a dejar patente cómo disminuyen estas 

funciones al ir avanzando la edad (ya se ha comentado que en este trabajo los ratones 

Swiss son unas semanas mayores que los estudiados en el Artículo 7) (De la Fuente et al., 

2004b). Estas funciones manifestaron, al igual que fue previamente observado, una 

significativa estimulación por la ingestión de esta dieta con 0,1%  de antioxidantes. En los 

linfocitos, esta suplementación del 0,1% estimula la quimiotaxis, tanto en las células 

peritoneales como en las procedentes de ganglios, bazo y timo, así como la respuesta 

proliferativa y la actividad NK en los leucocitos de estos órganos.   

Los animales viejos (75±1 semanas de edad) presentaban un claro deterioro de las 

funciones estudiadas en relación a los adultos, con mayores valores de los índices de 

adherencia, tanto en macrófagos como en linfocitos, y de los niveles de anión superóxido 

extracelular, así como menores valores de quimiotaxis (en ambos tipos de células), de 

proliferación de linfocitos y de actividad NK.   La ingestión de la dieta con 0,1% de los 

antioxidantes sólo consiguió estimular la quimiotaxis y actividad NK en células de 

ganglios axilares y la NK en las del timo. En todos esos casos se alcanzaron valores 
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semejantes a los de los adultos controles. Ya se ha comentado que las funciones 

inmunitarias como la quimiotaxis, la proliferación y la actividad NK necesitan un 

determinado balance oxidante/antioxidantes para llevarse a cabo adecuadamente, y que 

situaciones con exceso de oxidantes o defecto de antioxidantes, esto es, con estrés 

oxidativo las disminuyen (Victor et al., 1998; De la Fuente et al., 2004b; Vida et al., 

2014). Parece evidente que el estrés oxidativo presente en los individuos viejos no se 

compensa totalmente con una ingestión de 0,1 % de los antioxidantes, reflejándose sólo 

en algunas funciones el efecto beneficioso de la misma.  

Con la ingestión de la dieta que tenía 0,3% de TP+NAC, los resultados 

demostraron que en los ratones adultos se aumentó la adherencia de macrófagos y 

linfocitos, así como el anión superóxido intracelular no estimulado y el extracelular tanto 

estimulado como no estimulado. Todas esas funciones suponen un posible aumento de la 

situación de estrés oxidativo en los leucocitos. Curiosamente se aumentó la NK de bazo, 

lo cual puede también estar indicando un cierto desbalance redox (Soriani et al., 2014), ya 

que se ha comprobado que esta actividad puede estimularse significativamente en ratones 

con una situación de elevado estrés oxidativo como sucede en una endotoxemia letal 

(Victor y De la Fuente, 2003). Además, la quimiotaxis y la proliferación de los linfocitos 

de ganglios, bazo y timo disminuyó significativamente. Esto apunta a que la cantidad de 

antioxidantes ingeridos podría tener un cierto papel pro-oxidante, el cual ha sido 

comprobado para algunos compuestos antioxidantes ingerido en altas cantidades y en 

determinadas condiciones (Otero et al., 1997; Bowen y Omaye, 1998; Oldham y Bowen, 

1998; Viña et al., 2007).  

Cuando la dieta con 0,3% de los antioxidantes fue ingerida por ratones viejos, el 

efecto fue más positivo pues aumentó la fagocitosis de los macrófagos, la quimiotaxis de 

los linfocitos de ganglios y de forma muy clara la proliferación y la actividad NK. Ya se 

ha mencionado el papel relevante del GSH en la funcionalidad de los linfocitos, 

especialmente en su capacidad de proliferación, y como la disminución del mismo en las 

células de individuos viejos podría explicar el deterioro de las mismas (Stohs et al., 1984; 

Franklin et al., 1990). Parece ser que la ingestión de 0,3% de dos antioxidantes que 

aumentan los niveles de GSH en el organismo, y que también lo hacen en las células 

inmunitarias (Arranz et al., 2008), son útiles para restaurar los necesarios para llevar a 

cabo adecuadamente las funciones de los linfocitos de ratones viejos. Esto sin descartar el 

efecto directo de tales antioxidantes en los leucocitos, como ya se ha visto en los estudios 

in vitro de la presente tesis (Artículos 1-5). 
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Por tanto, los resultados, en conjunto, parecen sugerir que suplementar la dieta con 

0,1% de TP+NAC podría ser adecuado para mejorar las funciones inmunitarias en ratones 

adultos, pero puede ser insuficiente en los viejos. Por su parte, la dieta con el 0,3% resulta 

elevada para los adultos y más conveniente, en el contexto inmunológico, para los 

animales viejos.   

3.2.2.2. Efecto de una dieta suplementada con el antioxidante tioprolina (TP) 

sobre la funcionalidad de las células inmunitarias en ratones viejos  

En un estudio previo de nuestro grupo de investigación se había comprobado que la 

ingestión de una dieta suplementada con TP (0,07% p/p), durante 37 semanas por ratones 

Swiss viejos, estimulaba una serie de funciones de los linfocitos, como la quimiotaxis y la 

proliferación, las cuales se encontraban disminuidas respecto a las mostradas por los 

animales más jóvenes. Esa ingestión asemejó los valores de dichas capacidades 

funcionales a  los que mostraban los animales de menor edad (De la Fuente et al., 1993). 

En la presente tesis se quiso comprobar si esa suplementación de TP podría ser efectiva si 

la ingestión de la dieta se llevaba a cabo durante sólo 5 semanas por los animales viejos y, 

además, si el efecto tenía lugar tanto en las funciones previamente estudiadas como en la 

actividad NK y en la citotoxicidad celular dependiente de anticuerpo (ADCC). Así 

mismo, se quiso estudiar el fecto de esa dieta en los niveles de corticosterona. Este 

experimento se recoge en el Artículo 9. Los resultados mostraron, en primer lugar, que 

los valores de los parámetros de función inmunitaria analizados en bazo y timo de los 

controles viejos (81 ± 2 semanas de edad), se encontraban disminuidos en comparación 

con los de animales más jóvenes, adultos-maduros (52±1 semana de edad). De este modo,  

la movilidad espontánea, la quimiotaxis, la respuesta proliferativa a la ConA, la actividad 

NK y la ADCC, fueron significativamente menores en células de ratones viejos que en las 

de los adultos. Por su parte, los niveles de corticosterona sérica estaban aumentados. Esa 

menor capacidad en las funciones de linfocitos de los ratones viejos, en relación a las de 

los adultos, ha sido también observadas en toda una serie de trabajos, llevados a cabo 

tanto en humanos como en animales de experimentación (Pawelec et al., 2002; De la 

Fuente, 2009a; Arranz et al., 2010a).  En este sentido, con excepción de la ADCC, que es 

el primer y único trabajo en el que se valora,  todos los demás resultados son coincidentes 

con los ya comentados en otros Artículos de la presente tesis, especialmente en el 

Artículo 8.  
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Los ingestión durante 5 semanas de una dieta suplementada con 0,07% p/p de TP 

mejoró significativamente todas las funciones estudiadas, asemejando sus valores a los de 

los ratones adultos, llegando en algunos casos a ser iguales a los de esa edad, como en la 

movilidad espontánea en timo y la ADCC en bazo. Se hace evidente que no es necesario 

un prolongado periodo de ingestión de la dieta suplementada, y que con 5 semanas se 

obtienen resultados similares a los obtenidos con 37 semanas, si se comparan las 

funciones coincidentes en los dos experimentos (De la Fuente et al., 1993). Lo que resulta 

curioso es que la ingestión de una dieta suplementada sólo con TP tenga un efecto más 

positivo, en funciones de linfocitos de bazo y timo de ratones viejos, que la dieta que 

contiene NAC y TP en cantidad algo mayor  (Artículo 8). Lo que sí es posible resaltar es 

que la ingestión de una dieta suplementada con una cantidad semejante de TP (0,1% p/p) 

mejoró significativamente las funciones del proceso fagocítico de macrófagos 

peritoneales de ratones adultos y en mayor medida de aquellos que presentaban un 

envejecimiento prematuro (Correa et al.,1999a). El mecanismo por el que la TP mejora la 

función inmunitaria puede ser por su propiedad antioxidante, pero también mediante otras 

vías. Al igual que la NAC, la TP aumenta los niveles de GSH (Porta et al., 1991), y los 

tioles actúan modificando el estado redox celular, lo que permite una mejor señalización 

(Suthanthiran et al., 1990). Aunque la acción beneficiosa sobre la funcionalidad de las 

células inmunitarias que tiene la TP ya ha sido comprobada in vitro, tanto con leucocitos 

de adultos (Artículo 1 y 2) (Correa et al.,1999b), como de viejos (Artículo 4), y este 

antioxidante mejora el estado mitocondrial de los linfocitos en cultivo (recogido en la 

revisión: De la Fuente, 2008), la TP también puede actuar a un nivel general del 

organismo. Además, resulta curioso que si bien en animales de la misma edad (de 14 a 20 

semanas) los efectos de 1 mM de TP y de NAC son semejantes mejorando las funciones 

de macrófagos (Artículo 1), cuando los animales son unos meses más mayores el efecto 

de la TP es mucho más significativo a esa concentración (Correa et al., 1999a).  Todo 

ello, apunta a que la TP puede ser un antioxidante idóneo para mejorar la función 

inmunitaria y, consecuentemente, la salud en el envejecimiento, permitiendo una mejor 

longevidad. De hecho, la TP se ha comprobado aumenta la esperanza de vida de animales 

de experimentación (Oeriu y Vochitu, 1965; Miquel y Ecónomos, 1979; Navarro et al., 

2007), hecho no consignado para la NAC.  

Respecto a los niveles de corticosterona, el principal glucocorticoide en roedores, 

hay autores que mantienen que los niveles basales de esta hormona no cambian con la 

edad (Sonntag et al., 1987) y otros indican un aumento de la hormona (Sapolsky, 1992). 

En el contexto de la relación entre el sistema neuroendocrino y el inmunitario, de forma 
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clásica se relacionó el aumento de los glucocorticoides con una inmunosupresión 

(Madden y Felten, 1995; Ader et al., 2001). En trabajos previos de nuestro grupo se 

comprobó también un aumento del cortisol plasmática con la edad en seres humanos, y su 

relación con la disminución de las funciones inmunitarias, concretamente con las de los 

linfocitos (Vallejo et al., 2006). En el presente trabajo (Artículo 9), los ratones viejos 

tienen niveles mayores de corticosterona sérica que los adultos, lo que coincidiría con la 

idea antes comentada de un mayor estado de estrés emocional y un desajuste del eje 

hipotálamo-hipófisis-adrenal al avanzar la edad, hecho que ha sido ampliamente 

demostrado tanto al considerar la edad cronológica como biológica (Vida et al., 2014; 

Cruces et al., 2014). Tras la ingestión de la dieta con TP los niveles de corticosterona 

bajaron significativamente, incluso llegando a valores menores que los de adultos. Se 

hace evidente que las estrategias que mejoran el sistema inmunitario en la vejez, como la 

ingestión de dietas con cantidades apropiadas de antioxidantes, y en el caso que nos 

ocupa de TP, también lo hacen del sistema neuroendocrino, esto es de los tres sistemas 

homeostáticos y su comunicación. De hecho, nuestro grupo de investigación ya 

comprobó que estas estrategias, además de proporcionar una mejor inmunidad, también  

mejoraban el sistema nervioso, teniendo luegar una más adecuada respuesta conductual 

de los animales (Guayerbas et al., 2005; De la Fuente et al., 2011).  

3.2.2.3. Establecimiento, en base a la relación entre la actividad exploratoria 

en un laberinto en T y la función inmunitaria, de un modelo de 

envejecimiento prematuro en ratones, en el que animales de la misma edad 

cronológica que realizan peor la prueba conductual presentan una mayor 

inmunosenescencia 

Teniendo como base estudios previos en los que se comprobó que los ratones 

Swiss que exploraban de forma más “rápida” un laberinto en T presentaban, en relación a 

los de su misma edad que lo hacían de forma más “lenta”, una mejor longevidad (De 

Juan, 1994), y teniendo en cuenta la comunicación entre el sistema nervioso y el 

inmunitario y su deterioro al envejecer, se diseñó un experimento para estudiar, en un 

grupo de ratones Swiss viejos, las posibles diferencias en las capacidades funcionales de 

las células inmunitarias entre los animales que llevan a cabo la exploración del laberinto 

en T de forma más “rápida” y más “lenta” (Artículo 10). 

Un grupo de ratones de 76±1 semanas de edad se separó en dos grupos, los que 

recorrían el brazo largo del laberinto en T en más de 20 segundos las cuatro veces en las 
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que se les sometía a la prueba exploratoria (una vez a la semana cada dos semanas), a los 

que se les denominó “lentos”, y los que lo hacían en 20 o menos segundos, a los que se 

llamó “rápidos”. En macrófagos y linfocitos peritoneales se estudió la capacidad de 

adherencia, la movilidad espontánea y la dirigida (quimiotaxis), la fagocitosis de 

partículas inertes de los macrófagos y los niveles de anión superóxido, tanto en leucocitos 

no estimulados como estimulados con bolas de latex, y se analizaron los niveles 

intracelulares y extracelulares de este anión. En leucocitos de ganglios axilares, de bazo y 

de timo, se estudió la capacidad de movilidad espontánea y la quimiotaxis, así como la 

respuesta linfoproliferativa al mitógeno ConA y la actividad NK. Los resultados 

mostraron, curiosamente, diferencias entre ambos grupos, las cuales fueron 

estadísticamente significativas en prácticamente todas las funciones estudiadas, dándose 

una menor capacidad funcional, en general, en las células de los ratones “lentos”. Así, 

únicamente no se detectaron esas diferencias en la fagocitosis de macrófagos, en la 

quimiotaxis del timo y en la actividad NK de ganglios axilares y bazo. Las células 

inmunitarias de los “lentos” tenian menor movilidad espontánea y, especialmente, 

dirigida al foco infeccioso, menor proliferación en respuesta a mitógenos y menor 

actividad NK.  En lo que respecta a los niveles de anión superóxido, los que son 

intracelulares en células estimuladas (necesarios para la digestión del material ingerido), 

se encuentran significativamente disminuidos en los “lentos” en comparación con los 

presentes en los “rápidos”. Sin embargo, los niveles extracelulares de anión superóxido, 

que son los implicados en el estado de estrés oxidativo y daño a moléculas, tanto de 

muestras estimuladas como no estimuladas, aparecieron con valores  mayores  en  los 

“lentos”.  

Dado que el envejecimiento va acompañado de una menor conducta exploratoria 

(Ordy et al., 1964), se podría decir que de partida los “lentos” son biológicamente más 

viejos y que los “rápidos” son biológicamente más jóvenes. La conducta de “freezing” 

que manifiestan los ratones “lentos” se ha asociado a una hiper-reactividad a situaciones 

novedosas y de estrés (Gilad y Gilad, 1995), como lo es el enfrentamiento al laberinto en 

T. Así, se planteó que estos animales “lentos” tenían una peor respuesta al estrés, un 

hecho típicamente relacionado con el envejecimiento (Stein-Behrens y Sapolsky, 1992; 

Bauer, 2005; Bauer et al., 2009).  Estudios posteriores han caracterizado a estos animales 

“lentos”, tanto a nivel conductual, como de neuroquímica cerebral y de situación 

endocrina, comprobándose que presentan una hiper-emocionalidad y estado de ansiedad, 

y que sus monoaminas cerebrales y su corticosterona sérica, tienen valores típicos de 

ratones más viejos cronológicamente (Viveros et al., 2001; De la Fuente et al., 2003: 
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Pérez-Álvarez et al., 2005). Se ha hecho evidente que los “lentos” son, a nivel nervioso y 

endocrino, biológicamente más viejos que los “rápidos” (De la Fuente y Vida, 2013; Vida 

et al., 2014).  

A nivel inmunológico, los resultados de la presente tesis demuestran que los 

“lentos” tienen una función inmunitaria más deteriorada que los “rápidos”, con cambios 

típicos que sugieren un estado de mayor inmunosenescencia en los “lentos”. La relación 

entre una temprana inmunosenescencia y una menor esperanza de vida ha sido 

reiteradamente mostrada en diversos estudios (Wayne et al., 1990; Pawelec et al., 1995). 

Se ha indicado que, para darse tal relación, la inmunosenescencia no debe aparecer en un 

único parámetro, sino con un conjunto de los mismos (Lehtonen et al., 1990). De hecho, 

hay toda una serie de estudios demostrando que los individuos que alcanzan una elevada 

longevidad, como los centenarios humanos y los ratones longevos, son los que mantienen 

unos parámetros inmunitarios propios de la edad adulta (Franceschi et al.,1995,1996; 

Franceschi y Bonafe, 2003; Moccheguiani et al., 2003; Puerto et al., 2005; Alonso-

Fernández et al., 2008; Arranz et al., 2010a,b,c; Alonso y De la Fuente, 2011). Estudios 

posteriores llevados a cabo por nuestro grupo de investigación han comprobado que los 

ratones “lentos”, que pueden ser detectados en cualquier grupo de animales, incluso 

cuando son cronológicamente jóvenes (Alvarado et al., 2005b,2006a; Pérez-Álvarez et 

al.,2005) y adultos (Correa et al., 1999a; Viveros et al., 2001; Puerto et al., 2002; 

Guayerbas et al., 2002a,b,c, 2004,2005a,b; Guayerbas y De la Fuente, 2003; Alvarado et 

al., 2006b; Álvarez et al., 2006a), y no sólo en la vejez, edad a la que se llevó a cabo este 

primer estudio de la presente tesis, muestran, en todos los casos, una prematura 

inmunosenescencia. Además, se ha comprobado que los “lentos” tienen una menor 

esperanzas de vida que los “rapidos” de su mismo grupo y edad cronológica (Guayerbas 

et al., 2002a,c; Guayerbas, 2004). Todo ello, nos ha permitido denominar a los “lentos” 

como “prematurely ageing mice” (PAM), mientras los “rápidos” serían “non prematurely 

ageing mice” (NPAM). De este modo hemos establecido un modelo de envejecimiento 

prematuro que nos ha permitido. y sigue permitiendo, hacer estudios sobre el efecto de 

estrategias, fundamentalmente nutricionales, para hacer más lento el proceso de 

envejecimiento y aumentar la longevidad (Vida y De la Fuente, 2013; Vida et al., 2014). 
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3.2.2.4. Efecto de una dieta suplementada con NAC y TP en las funciones de 

linfocitos de ratones viejos con envejecimiento prematuro. Comparación 

entre dos cepas de ratones 

En el Artículo 11 se han recogido los resultados de un estudio en el que, 

aprovechando el modelo de PAM y NPAM antes comentado, y utilizando ratones de una 

edad cronológica semejante a la del Artículo 10 (76±2 semanas de edad), esto es, viejos, 

se quiso comprobar, en dos cepas de ratones (Swiss y BALB/c) el efecto de la ingestión, 

durante 5 semanas, de una dieta suplementada con 0,1% p/p de TP y NAC, en una serie 

de funciones inmunitarias de leucocitos de ganglios axilares, bazo y timo. El presente 

estudio se basó en uno previo en el que se había observado que ratones adultos, pero 

prematuramente envejecidos (PAM), en los que se demostraba una inmunosenescencia en 

una serie de funciones de linfocitos peritoneales, ganglios axilares, bazo y timo, la cual 

tenía lugar tanto en células de ratones BALB/c como de Swiss, la ingestión durante 5 

semanas de una dieta enriquecida en NAC y TP al 0,1% p/p, mejoraba significativamente 

las funciones inmunitarias analizadas en ambas cepas de ratones, especialmente en los 

Swiss (Guayerbas et al., 2002b). En el trabajo de la presente tesis (Artículo 11), además 

de querer comprobar si esa misma dieta suplementada con NAC+TP podría mejorar la 

funcionalidad de linfocitos en PAM de ambas cepas, pero siendo cronológicamente 

viejos, se quiso determinar si tanto PAM como NPAM  podrían recuperar los valores 

funcionales propios de la edad adulta tras la ingestión. Para ello, además de los grupos 

PAM y NPAM de Swiss y BALB/c, tanto controles (PAMC y NPAMC por estar siempre 

alimentados con dieta estándar) como los que ingirieron la dieta con antioxidantes 

(PAMA y NPAMA),  se incluyó en el estudio un grupo de ratones, de ambas cepas, 

adultos (24±2 semanas) como controles de edad. Se estudiaron en linfocitos de ganglios 

axilares, bazo y timo, la capacidad de quimiotaxis, la respuesta linfoproliferativa, tanto 

espontánea como frente al mitógeno ConA, la actividad natural killer (NK) y la 

liberación de la interleuquina-2 (IL-2) en los sobrenadantes de los cultivos de linfocitos 

de ganglios en presencia de ConA. Todas las funciones que se analizaron son las que 

claramente disminuyen con el envejecimiento (De la Fuente, 2009a; Alonso-Fernández y 

De la Fuente, 2011).  

Los valores de las funciones estudiadas en los controles cronológicamente viejos 

fueron menores en PAMC que en NPAMC en las células de los tres órganos y cepas 

analizadas. Además, en todos los casos esos valores de PAMC, pero también de NPAMC 

fueron significativamente menores que los detectados en los adultos. Esto demostraba la 



Resultados y Discusión 
 

 105 

inmunosenescencia por la mayor edad cronológica de los PAMC y NPAMC, y por el 

envejecimiento prematuro de los PAMC, en las dos cepas de ratones. Tras la ingestión 

durante 5 semanas de la dieta suplementada con NAC y TP los valores de las funciones 

estudiadas aumentan, en prácticamente todos los casos (sólo no resultó  estadísticamente 

significativa la diferencia en la proliferación basal, en la de respuesta al mitógeno en bazo 

de Swiss NPAM y en la quimiotaxis de timo de BALB/c NPAM), y se aproximan a los 

valores que las mismas muestran en los ratones adultos. Así, se alcanzaron los niveles 

funcionales de los adultos en casi todos los casos, como en la quimiotaxis de las células 

de los tres órganos, en la respuesta proliferativa al mitógeno (con la excepción de los 

BALB/c PAM en timo) y en la actividad NK (con excepción de células de bazo en Swiss 

NPAM y en las células de timo de todos los grupos). En la IL-2 de ganglios incluso se 

superan los valores adultos en los BALB/c. Comparando las dos cepas, los adultos 

BALB/c tienen valores mayores en funciones como la NK y los niveles de IL-2 que los 

Swiss, aunque menores de proliferación. De forma similar en los ratones 

cronológicamente viejos, los BALB/c tienen valores mayores de NK (pero sólo en timo) 

y de  IL-2, y menores de proliferación en bazo y timo. En el estudio previo ya 

mencionado (Guayerbas et al., 2002b), con animales PAM y NPAM adultos, los 

resultados fueron semejantes en el sentido de tener un efecto positivo de esa misma dieta 

en PAM y en NPAM, aunque en el caso de los adultos los PAM mostraron más efecto 

que los NPAM, y en Swiss más que en BALB/c. Si se comparan los resultados obtenidos 

en el presente estudio, en el que una dieta con 0,1% de TP+NAC produce un efecto muy 

positivo en prácticamente todas las funciones de linfocitos analizadas, con los 

comentados en el Artículo 8, en el que se observaba que en ratones cronológicamente 

viejos esa cantidad de antioxidantes podría ser insuficiente y era más recomendable la de 

0,3%, parecería que hay una cierta contradicción. No obstante, hay que tener en cuenta 

que en el experimento del Artículo 8, los ratones Swiss eran cronológicamente viejos, 

pero no estaban clasificados en PAM y NPAM. Recordemos que los NPAM son 

biológicamente más jóvenes que los PAM de su misma edad cronológica, y a aquellos 

una cantidad menor de antioxidantes ya les puede resultar positiva. De este modo se 

sugiere estudiar el efecto de esa dieta con 0,3% de los antioxidantes en ratones viejos 

clasificados en PAM y NPAM antes de poder afirmar la idea de tener que aumentar la 

cantidad de antioxidantes con que suplementar a los individuos cronológicamente viejos.  
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3.2.2.5. Efecto de la ingestión durante 15 y 30 semanas de dietas con 

antioxidantes nutricionales de tipo polifenólico en la función inmunitaria de 

ratones viejos 

Los polifenoles son los antioxidantes más abundantes en nuestra dieta. No 

obstante, los estudios sobre el efecto de estos compuestos fenólicos, presentes en 

alimentos de consumo habitual como los cereales, sobre la función inmunitaria son muy 

escasos y en el envejecimiento son prácticamente inexistentes. En un trabajo previo, 

nuestro grupo de investigación comprobó que ratones adultos que ingerían una dieta 

suplementada con cereales ricos en polifenoles durante 5 semanas mejoraban la función y 

el estad redox de sus leucocitos (Álvarez et al., 2006a). Esta dieta suplementada con 

cereales también mejoró la función inmunitaria en ratones adultos pero prematuramente 

envejecidos (PAM) (Álvarez et al., 2006b). Como este tipo de dietas se pueden ingerir de 

forma prolongada y no se conocía su efecto en individuos cronológicamente viejos, se 

llevó a cabo el estudio del efecto de un suplemento del 20% en la dieta con cuatro 

diferentes galletas fabricadas con cereales ricos en polifenoles por DANONE Vitapole 

(Francia).  La dieta se suministró durante periodos largos de 15 y 30 semanas, y se 

analizó su efecto en varias funciones de las células inmunitarias peritoneales de ratones 

ICR (CD1) (los antiguamente denominados Swiss), en la edad madura (49±2 semanas de 

edad) y en la vejez (64±2 semanas), respectivamente (Artículo 12). Las funciones 

estudiadas en los leucocitos peritoneales, muestran, en general, los cambios típicos del 

avance de la edad al compararse sus valores en los ratones cuando son maduros y cuando 

son viejos. Así, al envejecer, se aprecian diferencias estadísticamente significativas en el 

aumento de la adherencia de macrófagos y en la disminución de la fagocitosis de estas 

células, en los niveles de anión superóxido intracelular, en la quimiotaxis de linfocitos, en 

la respuesta proliferativa a ConA y LPS, y en la secreción de IL-2 en cultivos de los 

leucocitos estimulados con estos mitógenos. La secreción de la citoquina pro-inflamatoria 

TNFα, aumentó al avanzar la edad. Todos esos cambios han sido observados en estudios 

previos en los que se comparaban esas funciones inmunitarias en animales adultos y 

viejos (De la Fuente et al., 2004b; De la Fuente, 2009a; Alonso-Fernández y De la 

Fuente, 2011).  En el presente trabajo son los mismos animales los que manifiestan esos 

cambios al ser analizados cuando son maduros y cuando son viejos.  

Tras la ingestión de la dieta suplementada con las fracciones de cereales ricas en 

polifenoles (CO49, CO50, CO52 y CO53, con la composición que se indica en la tabla 1 

del Artículo 12), entre los que se encuentran principalmente del grupo de los ácidos 
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fenólicos (hidroxibenzoico, vanílico, cumárico, sinápico, ferúlico y orizanol) y en menor 

cantidad flavonoides (catequinas y rutina), se observó una mejoría en las funciones 

estudiadas. Esto supone una disminución de las funciones que aumentan con la edad, 

como la adherencia de macrófagos y linfocitos, y la secreción de TNFα, así como una 

estimulación de las que disminuyen con el envejecimiento, como la quimiotaxis, la 

fagocitosis, la capacidad digestiva (valorada por los niveles de anión superóxido 

intracelular), la respuesta proliferativa de los linfocitos a ConA y a LPS, la secreción de 

IL-2 y la actividad antitumoral NK.  Lógicamente, dependiendo del tipo de galletas se 

encontraron más efectos en unas funciones que en otras, y según la función considerada 

resultó más efectiva la ingestión durante 15 ó 30 semanas.  

La disminución que detectó en la capacidad de adherencia de macrófagos y 

linfocitos, puede ser entendida en base a la capacidad antioxidante de los polifenoles. 

Como ya se ha comentado una situación de estrés oxidativo, como la que tiene lugar al 

envejecer, aumenta la expresión de moléculas de adhesión en los leucocitos (De la Fuente 

et al., 2004b,2005). Algunos polifenoles son capaces de disminuir la expresión de tales 

moléculas en células endoteliales, como se ha comprobado para el ácido ferúlico  (Ma et 

al., 2010). Otros polifenoles, como es el caso de las catequinas, también disminuyen la 

expresión de moléculas de adhesión en las células endoteliales y la capacidad de 

adherencia de los leucocitos (Hofbauer et al., 1999; Koga y Meydani, 2001; Melgarejo et 

al., 2009). Estos dos tipos de polifenoles se encuentran en las galletas estudiadas, 

especialmente el ácido ferúlico que está en relativamente alta cantidad en todas ellas. De 

hecho, se sabe que este ácido ferúlico es el más abundante en los granos de los cereales 

(García-Conesa et al., 1997). Así, este antioxidante podría ser el responsable de la 

disminuida adherencia encontrada en los leucocitos peritoneales de los ratones. Esta 

disminución resultó más significativa en los animales viejos, tras 30 semanas de ingestión 

de la dieta.  

La quimiotaxis, que disminuye al envejecer, aumenta tras la ingestión de las dietas 

con polifenoles, especialmente en los linfocitos cuya quimiotaxis se estimula en todos los 

casos, alcanzando diferencias estadísticamente significativas con excepción de lo que 

sucede con CO52 tras 15 semanas. De nuevo, 30 semanas resultó un periodo más efectivo 

que 15 para estimular esta función. Así, en macrófagos sólo aparecen estimulaciones 

estadísticamente significativas con CO50 y CO53 tras las 30 semanas de ingestión de la 

dieta. Hay pocos estudios sobre el efecto de los polifenoles en esta función. Se ha 

comprobado que en neutrófilos in vitro, varios polifenoles aumentan la migración (Kenny 
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et al., 1990). Nuestro grupo de investigación observó un aumento de la quimiotaxis en 

macrófagos peritoneales de ratones prematuramente envejecidos tras ingerir 5 semanas un 

cereal rico en rutina (Álvarez et al., 2006b), polifenol presente en CO50 y CO53, así 

como en macrófagos y linfocitos de ratones adultos que ingirieron durante ese tiempo 

unas dietas ricas en polifenoles (Álvarez et al., 2006a). 

La fagocitosis de partículas por parte de los macrófagos, función que disminuye al 

envejecer, aumentó, en general, tras 15 semanas de ingestión de las dietas (con excepción 

de la que tenía CO50). No obstante, tras 30 semanas no se obtuvieron efectos, e incluso 

se  observó una disminución de la fagocitosis con la dieta de CO50. Es posible que la 

diferente composición en cantidad y presencia de polifenoles de las galletas explique este 

hecho. Así, puesto que se ha comprobado que un derivado de catequina estimula la 

fagocitosis de células de kupffer de cobayas (Piazza et al., 1985),  en CO49 y CO52, la 

presencia de catequinas podría explicar sus efectos más estimuladores de la fagocitosis de 

macrófagos en comparación con los que producen las otras galletas, especialmente tras 15 

semanas de ingestión. Algunos polifenoles como el resveratrol y la quercetina se ha 

comprobado que aumentan in vitro la fagocitosis de levaduras en líneas celulares 

humanas de promonocitos (Bertelli et al., 1999). En un estudio previo de nuestro grupo, 

se  comprobó que la ingestión de una dieta suplementada con cereales ricos en polifenoles 

aumentaba la capacidad de fagocitosis de los macrófagos peritoneales de ratones 

prematuramente envejecidos (Álvarez et al., 2006b).  

Con respecto a los niveles de anión superóxido intracelular, los cuales disminuyen 

en los leucocitos de animales viejos en comparación con los maduros, lo que coincide con 

resultados previos (De la Fuente et al., 2004b), la ingestión de las dietas con polifenoles 

aumentó tales niveles únicamente en el caso de CO52, tras 30 semanas de ingestión y en 

las muestras estimuladas. Ya se ha mencionado en otros artículos de la presente tesis que 

la presencia in vitro de varios antioxidantes como el ácido ascórbico, la vitamina E, el 

glutatión, la tioproline y la N-acetilcisteína pueden aumentar estos niveles intracelulares 

de anión superóxido (Artículo 1 y 3), lo que también se ha visto tras la ingestión de dietas 

con suplementos de vitamina E (Artículo 6), y NAC+TP (Artículo 8), aunque no se ha 

encontrado ese efecto en otros casos (Artículo 7). Los polifenoles han demostrado su 

carácter antioxidante disminuyendo las ROS extracelulares (Martinez y Moreno, 2000; 

O´Dowd et al., 2004). En el presente trabajo se consideró el anión superóxido intracelular 

y los niveles del mismo, más relacionado con la capacidad digestiva de las células, 

resultaron aumentados tras la ingestión durante 5 semanas de dietas suplementadas con 
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cereales ricos en polifenoles en ratones cronológicamente adultos (Álvarez et al., 2006a) 

y en adultos con envejecimiento prematuro (Álvarez et al., 2006b). Si bien se ha 

publicado que el ácido ferúlico inhibe la formación de anión superóxido en macrófagos 

peritoneales de ratón (Kaul y Khanduja, 1999), este es considerado en general 

(intracelular y extracelular), pues de hecho, la ingestión de las galletas CO52, que son las 

que mayores cantidades de ácido ferúlico tienen, son las únicas que estimulan 

significativamente los niveles de anión superóxido tras 30 semanas de ingestión.  

La función proliferativa de los linfocitos en respuesta a los mitógenos disminuyó al 

envejecer, lo que es coincidente con lo existente en la bibliografía y con los resultados 

previos de la presente tesis ya comentados (Artículo 4, 8 y 11). La ingestión de las 

galletas con polifenoles aumentó, en general, esta función, llegándose a mayores 

diferencias estadísticamente significativas en el caso del mitógeno ConA a las 15 

semanas de ingestión, mientras que con el LPS se consiguió mayor efecto a las 30 

semanas. Con CO52 se obtuvo estimulación en todos los casos. Un estudio in vitro en 

humanos ha comprobado que polifenoles como el ácido ferúlico, el vanilico y el cumárico 

aumentan la proliferación de linfocitos  (Chiang et al., 2003). También en los estudios de 

nuestro grupo, con cereales ricos en polifenoles, se observó una estimulación de la 

proliferación de linfocitos, siendo el cumárico el candidato a mediar este efecto (Alvarez 

et al., 2006a,b). Curiosamente la CO52 tiene vanílico y es la que más cumárico y ferúlico 

contiene. Respecto a la secreción de IL-2, que disminuye al avanzar la edad siguiendo lo 

habitualmente mencionado en la bibliografía y observado en resultados previamente 

comentados de la presente tesis  (Artículo 11), sus niveles aumentan tras 15 semanas de 

ingestión de la dieta con polifenoles, siendo la diferencia con los controles significativa 

en todos los casos a excepción de cuando se ingirió la CO52. Es difícil de sugerir a qué 

polifenol se debe ese efecto pues si bien en un estudio utilizando catequinas se observó 

una disminución de la proliferación de linfocitos T y una menor expresión de receptores 

de IL-2 y de su señalización en estas células (Wu et al., 2009), la presencia de catequinas 

se da en igual cantidad en la dieta con CO49 y con CO52, y la primera estimula y la 

segunda no, la secreción de IL-2 tras 15 días de ingestión. A los 30 días ninguna de las 

dietas tiene efecto sobre este parámetro, lo que es coincidente con estudios en los que no 

se encontraron efectos de los polifenoles en la secreción de IL-2 (Miles et al., 2005). 

La actividad NK fue estimulada por la ingestión de las dietas con polifenoles en 

todos los casos, con la excepción del grupo que ingirió CO49 durante 15 semanas. 

Precisamente es la dieta con CO49 la que menos cantidad de ácido ferúlico y sinápico 
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tiene, y estos, a través de sus efectos en citoquinas como el IFNγ y el TNFα (Chiang et 

al., 2003; Zeng et al., 2013), podrían incidir en la función NK. Coincidiendo con los 

resultados del presente estudio sobre el efecto en la actividad NK de las dietas 

enriquecidas en estos antioxidantes, en un trabajo con zumos de frutas ricos en 

polifenoles ingeridos durante 10 semanas, en humanos, se obtuvo también una 

estimulación de esta actividad NK (Bub et al., 2003). Se ha comprobado que la actividad 

NK puede ser estimulada por catequinas in vitro (Exon et al., 1998), y también por las 

ingeridas en ratones con senescencia acelerada (Shimizu et al., 2010). Nuestro grupo de 

investigación comprobó que, en ratones con envejecimiento prematuro, la ingestión de 

cereales ricos en polifenoles aumentó la actividad NK de los leucocitos peritoneales 

(Álvarez et al., 2006b). No obstante, hay estudios, como el llevado a cabo en humanos 

con polifenoles del vino tinto, en los que no se observa ningún efecto de los mismos 

sobre la actividad NK (Watzl  et al., 2004).  

El aumento en la secreción de una citoquina pro-inflamatoria como el TNFα al 

avanzar la edad (De la Fuente et al., 2004b), se apreció en el presente trabajo. La 

ingestión de las galletas produjo una disminución en esta citoquina sólo a las 30 semanas 

y con CO52. Hay algunos estudios sobre el papel de los polifenoles en el TNFα, pero son 

contradictorios. Con catequinas, los polifenoles más estudiados en este sentido, se ha 

observado una inhibición en macrófagos de ratón, pero no se han encontrado efectos en la 

línea de monocitos/macrófagos RAW 264.7 (Wang y Mazza, 2002) o en cultivos de 

sangre humana (Crouvezier et al., 2001). Con una dieta suplementada con cereales ricos 

en polifenoles los leucocitos peritoneales de ratones adultos disminuyeron su secreción de 

TNFα, con excepción de un tipo de cereal que carecía de ácido cumárico (Álvarez et al., 

2006a). En el presente trabajo la galleta que más efecto hizo fue precisamente la que 

contenía mayor cantidad de este polifenol, la CO52. No obstante, otros investigadores no 

han encontrado ningún efecto en la producción de esta citoquina en sangre total en 

presencia de ácido cumárico (Miles et al., 2005).  

Los estudios sobre los efectos beneficiosos de dietas ricas en polifenoles sobre la 

función inmunitaria en individuos biológicamente o cronológicamente viejos son muy 

escasos. Si bien se ha comprobado que las catequinas del té verde en ratones con 

senescencia acelerada (Shimizu et al., 2010), la soja y el té verde en ratones viejos y muy 

viejos (Baeza et al., 2007, 2008, 2010) y los cereales ricos en polifenoles en ratones 

maduros y en los prematuramente envejecidos (Álvarez et al., 2006b, 2008), mejoran 

diversas funciones inmunitarias, el presente trabajo es el primero que demuestra el efecto 
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positivo de ingerir en la dieta de forma habitual cereales ricos en polifenoles para 

conseguir mantener una mejor función inmunitaria en el proceso de envejecimiento.  

Efectos en la función inmunitaria de septuagenarios de la ingestión de 

suplementos de vitamina C y vitamina E  

 Una vez comprobado como el hecho de suplementar la dieta con cantidades 

apropiadas de diversos antioxidantes mejoraba la función inmunitaria en animales de 

experimentación, tanto adultos como, especialmente, en viejos, se pasó a comprobar si 

tales efectos se podrían reproducir también en los seres humanos. Los Artículos 13,14 y 

15 de la presente tesis recogen los resultados de los efectos de la ingestión de 

suplementos de antioxidantes como la vitamina C y la E, en la funcionalidad de las 

células inmunitarias de personas con una edad media de 70 años. 

Si en la vejez tiene lugar el hecho biológico de un mayor estado de oxidación y el 

deterioro fisiológico que lo acompaña, en el caso del ser humano aparecen, además de las 

modificaciones biológicas y psicológicas, toda una serie de cambios sociales e incluso 

económicos que pueden incidir en el estado nutricional de las personas. De hecho, se ha 

indicado que hay un estado de malnutrición en la vejez (Volkert, 2013; Porter Starr et al., 

2015). 

3.2.2.6. Efecto de la ingestión durante 4 meses de un suplemento de vitamina 

C (1g/día) y vitamina E (200 mg/día) en la función inmunitaria, los niveles de 

peróxidos de lípidos y de cortisol de mujeres septuagenarias, sanas y con dos 

patologías  

La primera aproximación de la presente tesis para comprobar el efecto positivo de 

un suplemento con los mencionados antioxidantes en humanos se lleva a cabo en el 

estudio que se recoge en el Artículo 13. Se analizó en mujeres de 72±6 años de edad, y 

tanto sanas como con dos patologías bastante frecuentes al envejecer, como son la 

depresión y las cardiopatías coronarias, el efecto de ingerir un suplemento de vitamina C 

(1 g/día) y E (200 mg/día) durante 16 semanas, esto es, 4 meses. Las mujeres del grupo 

de depresión fueron diagnosticadas mediante la entrevista SCID-UP (Spitzer y Williams, 

1983) y siguiendo el criterio diagnóstico DSM-III-R aplicado por el Dr. Alvaro Prieto. La 

enfermedad coronaria fue establecida mediante angiografía en la que se estableció 

arterias coronarias ateroscleróticas con estrechamiento de la mayor parte de estos vasos, 
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así como por el padecimiento de infartos de miocardio, confirmados por 

electrocardiogramas convencionales. El seguimiento de estas pacientes fue también 

llevado a cabo por el Dr. Alvaro Prieto, y ninguna de las participantes en el estudio fue 

ingresada durante el tiempo en el que se desarrolló el mismo. Aunque las pacientes 

tomaban medicamentos, como diuréticos e inhibidores de la enzima convertidora de la 

angiotensina, en el caso de las que tenían patología coronaria, y antidepresivos, en el de 

las que mostraban depresión, no se encontró, en el momento en el que se llevaba a cabo el 

estudio, ningún dato que indicase una interferencia entre tales fármacos y las vitaminas 

del suplemento. En los tres grupos de mujeres se analizó, en los neutrófilos, la capacidad 

de adherencia, de quimiotaxis, de fagocitosis y los niveles de anión superóxido. En los 

mononucleares (fundamentalmente linfocitos), la proliferación basal y la estimulada por 

presencia del mitógeno fitohemaglutinina (PHA). También se analizaron, en el suero, los 

niveles de malondialdehido (MDA), como indicador de la peroxidación lipídica, y los de 

cortisol, hormona indicativa de situación de estrés emocional y estrechamente relacionada 

con el estado inmunitario. Antes de la ingestión del suplemento vitamínico se observaron 

unos niveles de MDA significativamente muy elevados en los dos grupos de pacientes en 

comparación con las sanas de la misma edad. Niveles parecidos de MDA se han obtenido 

por Meydani et al. (1991b), utilizando un método similar de medida. Este hecho nos está 

indicando el mayor estado de oxidación de las mujeres con depresión y cardiopatía 

coronaria en comparación con las sanas de la misma edad cronológica. De hecho, toda 

una serie de trabajos han demostrado la estrecha relación entre una situación de estrés 

oxidativo y esas patologías. Así, la aparición de las cardiopatías isquémicas se asocia a la 

presencia de una situación de estrés oxidativo (Siddiqui et al., 2014; Gruzdeva et al., 

2014; Uppal et al., 2014) y a una disminución de las defensas antioxidantes (Buko et al., 

2014; Siddiqui et al., 2014; Abe et al., 2014). Por otra parte, la depresión, como otros 

desórdenes psiquiátricos, se encuentra claramente relacionada con una situación de estrés 

oxidativo (Milaneschi et al., 2013; Pandya et al., 2013), habiéndose detectado también en 

personas deprimidas niveles disminuidos de antioxidantes y aumentados de marcadores 

oxidantes (Cumurcu et al., 2009; Maes et al., 2011; Prohan et al., 2014). Dado que se ha 

comprobado que una situación de estrés oxidativo se relaciona con una peor función 

inmunitaria (Vida et al., 2014), no resulta extraño que las mujeres con los dos tipos de 

patologías manifiesten peores capacidades en sus células inmunitarias que las del grupo 

de controles sanas de la misma edad. Así, las mujeres con depresión y enfermedad 

coronaria presentan una significativamente menor fagocitosis de los neutrófilos y de la 

respuesta proliferativa de los linfocitos a la PHA. Toda una serie de trabajos han 
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demostrado que individuos con depresión y cardiopatías isquémicas tienen una peor 

inmunidad (Stein et al., 1991; Hernanz et al., 2008; Arranz et al., 2009; Zunszain et al., 

2013; Epelman et al., 2015). La adherencia de neutrófilos al endotelio es menor en las 

mujeres que tienen enfermedad coronaria, y lo mismo sucede con la fagocitosis de estos 

neutrófilos. Es curioso que dos actividades que están aumentadas en las células 

fagocíticas que participan en la formación de las placas de ateroma, las cuales están 

presentes en las coronarias de estas pacientes, se encuentren disminuidas en los 

neutrófilos de sangre circulante. Por su parte, los niveles de anión superóxido de los 

neutrófilos estan significativamente aumentados en los dos grupos de pacientes. Si bien 

en los leucocitos peritoneales de ratones y de cobayas, los mayores niveles de anión 

superóxido intracelulares se relacionan con una mejor respuesta funcional (Artículos 1, 3, 

6, 8, y 12), mientras que el aumento en los niveles extracelulares lo hacen con una 

situación de estrés oxidativo (Artículo 8), en los niveles de este anión en neutrófilos 

humanos hay mucha controversia. No obstante, utilizando la misma metodología que en 

la presente tesis, la mayoría de los trabajos encuentran niveles de anión superóxido 

superiores en los neutrófilos de los hombres y mujeres que tienen peor situación 

inmunitaria (Arranz et al., 2008; Alonso-Fernández et al., 2008; Maté, 2015). Una posible 

explicación podría ser que en animales de experimentación los niveles de anión 

superóxido se miden en población de leucocitos, siendo los macrófagos los que 

prioritariamente lo producen, y estos fagocitos son células de larga vida, a diferencia de 

los neutrófilos (en donde se mide el anión superóxido en humanos) que mueren pronto 

tras llevar a cabo la fagocitosis y liberación de los compuestos oxidantes (Bainton, 1980). 

Tras la ingestión durante 16 semanas de 1 g/día de vitamina C y 200 mg/día de 

vitamina E, todos los parámetros analizados mejoran y, en general, lo hacen 

significativamente en los tres grupos de personas. Ya se ha comentado que al envejecer 

hay mayores niveles de oxidación, la cual afecta a todas las células del organismo y de 

forma más evidente a las de los sistemas reguladores como el nervioso, el endocrino y el 

inmunitario (Vida et al., 2014), estando esta oxidación en la base de muchas patologías, 

entre las cuales se encuentran claramente las neurológicas y las cardiacas (Milaneschi et 

al., 2013; Pandya et al., 2013; Siddiqui et al., 2014; Gruzdeva et al., 2014; Uppal et al., 

2014). Por ello, la ingestión de antioxidantes, como los utilizados en el presente trabajo, 

disminuye el riego de patologías cardiovasculares y coronarias (Jialal et al., 1990; 

Meydani et al., 1995). Dado que la oxidación puede afectar de forma clara a los 

leucocitos, células que circulan por los vasos, y que son especialmente sensibles al estado 

oxidativo del individuo (Lustyik et al., 1990; Meydani et al., 1995), parece evidente que 
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al disminuir tal oxidación por la ingestión de los suplementos de antioxidantes, se 

mejoren todas las funciones inmunitarias. La efectividad de la suplementación utilizada 

queda patente en la disminución significativa de los niveles de MDA séricos. Si como 

indicó Meydani (1991b) estos niveles de MDA tienen una capacidad supresora de la 

función inmunitaria, al disminuirse por la ingestión de los antioxidantes, se mejora la 

respuesta inmunológica. Comparando los resultados del presente trabajo con los 

publicados por Meydani et al. (1991b), las diferencias que esos investigadores 

encontraban en los niveles de MDA entre los individuos mayores y jóvenes eran similares 

a los aquí observados entre antes y después de tomar las vitaminas, lo que apunta a un 

rejuvenecimiento en el estado de oxidación tras la ingestión de las mismas en las mujeres 

del presente estudio. Resultados similares se han obtenido tras la ingestión de NAC por 

mujeres postmenopáusicas, las cuales presentaban elevados valores de MDA séricos en 

comparación con los de las de las adultas antes de iniciarse la administración del 

antioxidante. Tras dos meses de ingerir 600 mg/día de NAC, los niveles de MDA 

disminuyeron significativamente asemejándose a los de las mujeres de edad adulta 

(Arranz et al., 2008). Este efecto de la suplementación con antioxidantes explicaría que la 

misma activase, en el presente estudio, la quimiotaxis y la fagocitosis de neutrófilos y la 

respuesta proliferativa de los linfocitos, mientras que disminuye los niveles de anión 

superóxido. La adherencia de neutrófilos también aumenta tras la ingestión de los 

antioxidantes. Ya se ha comentado que un aumento de adherencia si va seguido de una 

mayor quimiotaxis es una ventaja para llegar al foco infeccioso. Curiosamente, el 

aumento de adherencia no alcanza significación estadística en las mujeres con depresión, 

aunque son sus neutrófilos los que mayores aumentos experimentan en la quimiotaxis. En 

relación a la función de linfocitos estudiada, la proliferación, de la que ya se ha 

comentado su relevancia en la respuesta inmunitaria y como es una de las actividades que 

más se deteriora al envejecer, pero también en ciertas patologías como la depresión 

(Hernanz et al., 2008) y la ansiedad (Arranz et al., 2008), apareció aumentada en los tres 

grupos tras la suplementación con los antioxidantes. La vitamina E ha demostrado ser 

capaz en humanos de aumentar esta función cuando la misma se encuentra disminuida 

(De la Fuente y Victor, 2000), y se ha sugerido que una de las acciones de los 

antioxidantes en esta función podría ejercerse a través de su capacidad de disminuir la 

apoptosis (Briehl y Baker, 1996). Efectos similares en las funciones inmunitarias han sido 

también encontrados en las mujeres postmenopáusicas, antes mencionadas, tras la 

ingestión de otro antioxidante como es la NAC (Arranz et al., 2008).  
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La suplementación utilizada disminuye los niveles de cortisol sérico, y de forma 

estadísticamente significativa en las mujeres con enfermedad coronaria. En el contexto de 

la comunicación neuroinmunoendocrina, se sabe que el estrés emocional, valorado por un 

aumento en los niveles de glucocorticoides, se relaciona con el estrés oxidativo y el 

deterioro inmunológico (Cruces et al., 2014). De hecho, mayores niveles de cortisol se 

han relacionado con una peor inmunidad en individuos adultos (Blalock, 1989), en el 

envejecimiento cronológico y biológico (Guayerbas, 2003; Vallejo et al., 2006), así como 

en individuos con ansiedad (Arranz et al., 2007; Vida et al., 2014). Los niveles de cortisol 

sérico valorados en el presente trabajo son significativamente más elevados en las 

mujeres con ambas patologías, lo que ratifica la relación entre situación de estrés 

oxidativo y estrés emocional, y la peor función inmunitaria. La ingestión de antioxidantes 

disminuye el cortisol sérico en las cardiópatas, lo que puede relacionarse con la mejoría 

en las funciones inmunitarias estudiadas.  

3.2.2.7. Efecto de la ingestión durante 3 meses de un suplemento de vitamina 

E (200 mg/día), de vitamina C (500 mg/día) o de vitamina C (500 mg/día) 

conjuntamente con vitamina E (200 mg/día) sobre la función inmunitaria de 

hombres y mujeres septuagenarios, y comparación de los valores obtenidos 

con los de adultos  

Conocido el efecto positivo de la ingestión de un suplemento con vitamina C y 

vitamina E por mujeres septuagenarias, se quiso comprobar si la ingestión de cada una de 

esas vitaminas por separado, la vitamina E en la cantidad ya utilizada en el trabajo 

anteriormente comentado, pero ingerida sólo durante 3 meses (Artículo 14) y la vitamina 

C en una cantidad menor (500 mg/día), así como la ingestión conjunta de los dos 

antioxidantes, vitamina C (500 mg/día) y vitamina E (200 mg/día) durante 3 meses  

(Artículo 15) podría mejorar la función inmunitaria tanto en mujeres como también en 

hombres de setenta años. Además, se incorporó un grupo de mujeres y hombres adultos, 

de treinta años, para poder determinar si los parámetros inmunitarios estudiados se 

deterioraban por el envejecimiento y la ingestión de los mencionados suplementos 

conseguían asemejarlos a los valores presentes en los individuos adultos. Otro objetivo 

que se planteó fue el conocer si tras 6 meses sin ingestión de ningún suplemento, los 

niveles en los parámetros analizados se mantenían o volvían a los iniciales. Los 

parámetros analizados fueron la adherencia y quimiotaxis de neutrófilos y linfocitos, la 

capacidad de ingestión de partículas y los niveles de anión superóxido de neutrófilos, la 
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proliferación en respuesta a PHA, los niveles de IL-2 secretados en presencia de PHA y la 

actividad NK de las células mononucleares (principalmente linfocitos).  

Los resultados correspondientes al Artículo 14 muestran que si se comparan los 

valores de los parámetros analizados antes del tratamiento entre los adultos (29,7± 4,9) y 

los septuagenarios (70,4±5,1 años de edad), se aprecia un aumento de la adherencia tanto 

de neutrófilos como de linfocitos y tanto en hombres como en mujeres, al envejecer. Se 

confirma, de nuevo, que esta capacidad, la primera que se establece en el proceso 

fagocítico de los neutrófilos y en la respuesta de los linfocitos, aumenta en situaciones de 

estrés oxidativo, como lo es la vejez y también el shock endotóxico, por la mayor 

expresión de las moléculas de adhesión en estas células (Damtew et al., 1990; Hirokawa, 

1999; De la Fuente y Victor, 2000;De la Fuente et al., 2004b, 2005; Alonso-Fernández et 

al.,2008; Arranz et al., 2008; Maté, 2015). La movilidad dirigida o quimiotaxis de 

neutrófilos y linfocitos disminuye significativamente en los septuagenarios en 

comparación con los adultos, tanto en hombres como en mujeres. Resultados similares 

han sido ya observados en otros estudios (Niwa et al., 1989; Di Lorenzo et al., 1999; 

Fulop et al., 2004; De la Fuente et al., 2005; Alonso-Fernández et al., 2008; Arranz et al., 

2008; Huang et al., 2011; Maté, 2015). La menor capacidad de las células inmunitarias 

para alcanzar el foco infeccioso que tiene lugar al envejecer, y que parece no deberse a 

cambios en los valores de quimioquinas, podría ser la responsable del mayor tiempo en la 

curación de heridas que tiene lugar en la vejez (Brubaker et al., 2013). Se ha propuesto 

que esta menor quimiotaxis puede deberse a la inducción, por el estado de estrés 

oxidativo al envejecer, del “factor de inhibición de la migración de los macrófagos “ 

(MIF), el cual inhibe la quimiotaxis (Calandra et ql., 1998; Calandra, 2003). Lo que sí 

parece aumentar con la edad es una movilidad aberrante de las células inmunitarias. De 

hecho, se ha comprobado que a partir de los 60 años la movilidad espontánea y 

defectuosa aumenta (Sapey et al., 2014; Maté, 2015). Esta mayor migración ineficiente 

podría aumentar el daño tisular, ya que los neutrófilos, por ejemplo, secretan proteasas 

para facilitar su migración a través de los tejidos. Esto extendería la inflamación y 

afectaría la resolución de la misma en las personas mayores (Shaw et al., 2010).  

En lo que respecta a la capacidad de fagocitosis de los neutrófilos, los resultados 

del presente trabajo muestran una disminución de la misma en las mujeres 

septuagenarias. Una menor fagocitosis de los neutrófilos al avanzar la edad ya ha sido 

comprobada en otros estudios (Butcher et al., 2001; De la Fuente et al., 2005; Alonso-

Fernández et al., 2008; Arranz et al., 2008; Simell et al., 2011; Sharma et al., 2014; Maté, 
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2015). Parece ser que esta disminución se podría deber, en parte, a la menor expresión en 

la superficie de los neutrófilos del receptor Fcγ CD16, el cual media esta actividad. De 

hecho, se ha propuesto que es la pérdida de expresión del CD16 el principal responsable 

del deterioro funcional de estas células y del consecuente aumento de la susceptibilidad a 

las infecciones que tiene lugar al avanzar la edad (Butcher et al., 2001). También, en 

personas mayores se ha relacionado la menor expresión de estos receptores con la mayor 

probabilidad de fallecimiento (Pawelec et al., 1998). Los niveles de anión superóxido 

aumentan significativamente en los septuagenarios, tanto en hombres como en mujeres, y 

tanto en condiciones de no estimulación como de estimulación. Esto es coincidente con lo 

observado en otros estudios (Arranz et al., 2008; Alonso-Fernández et al., 2008; Maté, 

2015).  

La actividad NK frente a células tumorales se encuentra disminuida en los 

septuagenarios, tanto hombres como mujeres, en relación a los adultos. Aunque hay 

algunos datos contradictorios, la mayoría de los resultados encontrados en seres humanos 

coinciden en una menor actividad NK al envejecer (Mariani et al., 1996; Di Lorenzo et 

al., 1999; Solana y Mariani, 2000; Arranz et al., 2008; Maté, 2015). Un posible 

responsable de esta menor actividad NK podría ser la disminución en la expresión de 

receptores como los NKp30 y NKp46, llamados receptores de citotoxicidad natural 

(NCRs, del inglés Natural Cytotoxicity Receptors) e implicados en el reconocimiento y 

eliminación de las células diana (Almeida-Oliveira et al., 2011).  

La respuesta proliferativa de los linfocitos, especialmente de los T, a mitógenos 

es una capacidad que disminuye al envejecer, como ha sido ampliamente demostrado 

(Inkeles et al., 1977; Gillis et al.,1981; Song et al., 1993; De la Fuente y Victor, 2000; De 

la Fuente et al., 2005; Arranz et al., 2008; Maté, 2015). Dado que la secreción de IL-2, la 

citoquina más relacionada con la capacidad proliferativa de los linfocitos T, también 

disminuye en los septuagenarios (hombres y mujeres), como se ha comprobado en otros 

trabajos (Maté, 2015), este podría ser uno de los mecanismos implicados en la menor 

proliferación linfoide (Nagel et al., 1988). No obstante, ya se comprobó que los linfocitos 

T de personas mayores no respondía a la PHA y a la IL-2 exógena como las de los 

adultos (Gillis et al., 1981), lo que apunta al deterioro en las vías de señalización 

asociadas a los recetores, por ejemplo la disminución en la activación de ERK y MAPK, 

como los más implicados en la menor respuesta proliferativa al envejecer (Li et al., 

2000). Otros hechos, como la disminución en moléculas de coestimulación,  por ejemplo 

el CD28, los cambios en el citoesqueleto o la presencia de subpoblaciones linfocitarias 
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menos funcionales, podrían estar también implicados en la menor respuesta proliferativa 

a mitógenos al avanzar la edad (Franceschi et al., 2000; Sansoni et al., 2008; Ongradi y 

Kövesdi, 2010; Maté, 2015). 

La vitamina E fue administrada en dosis de 200 mg/día, la cual fue elegida en base 

al trabajo de Meydani et al (1997), en el que esa dosis de vitamina E fue la más efectiva 

para la función de las céluals T, y posteriormente resultó efectiva, en algunas funciones  

inmunitarias, en un trabajo llevado a cabo en nuestro laboratorio (De la Fuente y Victor, 

2000). La suplementación durante 3 meses tuvo un efecto claramente modulador de las 

funciones inmunitarias estudiadas. Así, aquellos parámetros que aumentan al envejecer, 

como la adherencia de neutrófilos y linfocitos y los niveles de anión superóxido en 

neutrófilos, disminuyen, alcanzándose valores similares a los de los controles adultos. Por 

su parte, los parámetros que disminuyen en los septuagenarios en relación a los adultos, 

aumentan tras el tratamiento, también asemejándose los valores a los de los mismos. 

Incluso, en el caso de la quimiotaxis y la proliferación de linfocitos en mujeres y en el de 

la fagocitosis de neutrófilos en hombres, los valores tras el tratamiento son mayores que 

en los adultos. Estos resultados pueden ser entendibles si consideramos que la base de la 

inmunosenescencia es el estrés oxidativo (Daynes et al., 2003; De la Fuente et al., 2005; 

Vida et al., 2014), y que la administración de antioxidantes, como en este caso la 

vitamina E, puede prevenir o retrasar el estrés oxidativo del envejecimiento (Sastre et al., 

2000). Un efecto positivo de la vitamina E en las células inmunitarias de personas 

mayores, especialmente en la adherencia, proliferación de los linfocitos y en la secreción 

de IL-2, ha sido ya observado en publicaciones anteriores (Meydani et al., 1990, 1997; De 

la Fuente y Victor, 2000). En otras funciones inmunitarias, el presente trabajo es el 

primero que demuestra el papel positivo de esta suplementación. La vitamina E es el 

principal antioxidante liposoluble de las membranas celulares, y son los lípidos de las 

membranas de las células inmunitarias muy susceptibles a la oxidación al envejecer, lo 

que podría explicar su deterioro funcional al avanzar la edad  (Arranz et al., 2013). Así, 

uno de los mecanismos que podría utilizar la vitamina E para mejorar la función 

inmunitaria sería el aumentar la resistencia de las células inmunitarias a la peroxidación 

lipídica. Otro podría ser la capacidad de este antioxidante de disminuir la producción de 

prostaglandinas como la PGE2, por los fagocitos, la cual se asocia con la disminución de 

ciertas funciones inmunitarias, como la respuesta proliferativa de los linfocitos T, al 

envejecer (Meydani et al., 1990; Meydani et al., 2005). Muchos otros mecanismos 

podrían plantearse para la acción de la vitamina E en las células inmunitarias, los cuales 

deberían ser investigados. Transcurridos 6 meses de la finalización de la suplementación, 



Resultados y Discusión 
 

 119 

algunas de las funciones estudiadas siguen mostrado valores semejantes a los de adultos, 

hecho que se da en las funciones de neutrófilos, en la NK en hombres y en la adherencia 

y quimiotaxis de linfocitos en hombres y mujeres.  

En un nuevo experimento se llevo a cabo un diseño similar al comentado en el 

Artículo 14, pero en este caso se quiso comprobar el efecto de la vitamina C (500mg/día). 

También, en paralelo, se estudió el efecto de la suplementación con vitamina C (500 

mg/día) y vitamina E (200 mg/día), siguiendo el mismo diseño experimental, para así 

poder comparar si el efecto de un único antioxidante era menor o similar a la utilización 

de dos conjuntamente. También en este estudio se analizaron las posibles diferencias 

entre hombres y mujeres (Artículo 15). Los resultados, al comparar los valores de los 

septuagenarios (hombres y mujeres) (74±4 años de edad) con los adultos (35±5 años), son 

similares a los encontrados en el estudio anteriormente comentado (Artículo 14). Así, hay 

un aumento de la adherencia en neutrófilos y linfocitos, y de los niveles de anión 

superóxido en neutrófilos, así como una disminución de todas las otras funciones 

(quimiotaxis de neutrófilos y linfocitos, fagocitosis de neutrófilos, proliferación de 

linfocitos y secreción de IL-2 en respuesta a PHA y de actividad NK). La ingestión del 

suplemento de vitamina C durante 3 meses dio como resultado que los valores de las 

funciones que aumentaron al envejecer, disminuyeran, asemejándose los mismos a los de 

los adultos, o incluso dando valores menores que en ellos, como sucedió en la adherencia 

de linfocitos en los hombres y en el anión superóxido de neutrófilos en las mujeres. Por 

su parte, las funciones que disminuían al envejecer, aumentaron tras la suplementación, 

pareciéndose sus valores a los de los adultos, con la excepción de la quimiotaxis de 

neutrófilos en hombres, que permaneció menor que la de adultos, y la fagocitosis en las 

mujeres, que incluso superó el valor de los adultos. Tras 6 meses sin tomar el suplemento, 

varias funciones recuperaron los valores anteriores a la suplementación, pero en algunas 

otras se mantuvo el efecto positivo de la vitamina C, como sucedió en la adherencia y la 

fagocitosis de neutrófilos en hombres, en los niveles de anión superóxido, en la 

adherencia de linfocitos en mujeres, en la quimiotaxis y proliferación de linfocitos y en la 

secreción de IL-2 en los hombres.  

Los resultados demuestran el carácter modulador de sobre la función inmunitaria 

tiene la suplementación utilizada de vitamina C, aumentando los valores de las funciones 

que están disminuidas por la edad y disminuyendo los de las que están aumentadas. De 

este modo, las funciones alcanzan valores semejantes a los que tienen las personas 

cronológicamente adultas. Aunque en el caso de la vitamina C, por su carácter 
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hidrosoluble, se toleran de 1000 a 5000 mg/día sin suponer efectos negativos para la 

función inmunitaria (Jacob y Sotoudeh, 2002), y se ha propuesto la ingestión de grandes 

cantidades para el resfriado y la prevención del cáncer (Verrax y Calderon, 2009), puede 

darse un posible efecto pro-oxidante si las cantidades de esta vitamina son muy elevadas 

y se dan determinadas circunstancias (Childs et al., 2001). No obstante, 1000 mg/día de 

vitamina C, acompañados de una dieta rica en frutas y vegetales, se ha recomendado para 

conseguir una salud óptima (Deruelle y Baron, 2008) y una buena respuesta inmunitaria 

(Wintergerst et al., 2006). También, se ha indicado que una ingestión de al menos 200 

mg/día es necesaria para estimular la función del sistema inmunitario (Weber et al., 

1996), y que una cantidad mayor no aumenta la incorporación de la vitamina a los 

leucocitos (Vodjani et al., 2000). Así, los 500 mg/día utilizados en el presente estudio 

parece una suplementación muy apropiada para mejorar la función inmunitaria, y, 

consecuentemente, la salud.  

Aunque se ha comprobado en algunos casos que la vitamina C puede aumentar la 

adherencia, como se indicó en el Artículo 1 para macrófagos de ratón por la presencia in 

vitro de ácido ascórbico, otros autores, en concordancia con los resultados del presente 

trabajo, han encontrado una disminución de la adhesión de monocitos al endotelio 

(Woollard et al., 2002), así como una menor expresión de moléculas de adhesión en estas 

células (Rayment et al., 2003). En lo que respecta a la disminución que la ingestión de 

vitamina C produce en los niveles de anión superóxido, ya se ha comprobado en otro 

estudio que este antioxidante, en personas con insuficiencia cardiaca crónica y con altos 

niveles de estrés oxidativo, es capaz de disminuir los niveles de ese anión en neutrófilos y 

la situación de oxidación que acompaña a estos pacientes (Ellis et al., 2000). De nuevo, 

los efectos encontrados ex vivo no coinciden con los observados in vitro con ácido 

ascórbico en ratones (Artículo 1).  

En lo que respecta a aquellas funciones disminuidas en la vejez que la ingestión de 

vitamin C consigue estimular, ya se ha comprobado que la suplementación con 2000 

mg/día, durante 2 semanas, es capaz de restaurar la quimiotaxis de monocitos de 

fumadores, la cual se encontraba disminuida en comparación con la de no fumadores 

(Stadler et al., 2007). En cuanto a la fagocitosis, ya se ha comprobado que el ácido 

ascórbico es utilizado por macrófagos de ratones y cobayas para llevar a cabo su 

capacidad de fagocitar. Además, como en ese proceso disminuyen los niveles de este 

antioxidante estas células inmunitarias son capaces de incorporarlo desde el medio en el 

que se encuentren (Hernanz et al., 1990). Resultados más recientes han demostrado que la 
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vitamina C modula la actividad fagocítica de las células inmunitarias (Ströle et al., 2011). 

En estas funciones los resultados encontrados ex vivo en humanos septuagenarios sí son 

concordantes con el efecto in vitro obtenido por la presencia de ácido ascórbico en los 

macrófagos peritoneales de ratón adultos (Artículo 1).  

En la capacidad proliferativa de los linfocitos y en la secreción de IL-2, la 

vitamina C no ha sido muy estudiada y los resultados existentes resultan contradictorios, 

dándose incluso falta de efectos en la proliferación (Douziech et al., 2002; Ströle et al., 

2011) así como una inhibición, dosis dependiente, de la secreción de IL-2 por linfocitos 

estimulados con PAM/ionomicina (Hartel et al., 2004). Dado que una causa importante 

de la menor respuesta proliferativa de los linfocitos a mitógenos, al envejecer, es la menor 

proporción de linfocitos T funcionales, lo cual es debido a una mayor apoptosis, se ha 

sugerido que uno de los potenciales mecanismos que utiliza la vitamina C para estimular 

esta función inmunitaria sería la inhibición que causa en la señalización implicada en la 

apoptosis (Pérez-Cruz et al., 2003). Con respecto a la actividad NK la estimulación que la 

ingestión del suplemento de vitamina C produce en los septuagenarios es coincidente con 

la encontrada en un trabajo previo utilizando la misma cantidad del antioxidante 

(500mg/día) (Vodjani et al., 2000).  

Cuando los septuagenarios ingirieron un suplemento de vitamina C y E, los 

resultados fueron muy similares a los observados y ya comentados con el suplemento de 

vitamina C sola. En algunas funciones, como la adherencia de neutrófilos y linfocitos y la 

proliferación linfoide a mitógenos, los efectos de la ingestión con vitamina C+E fueron 

menores que los de la vitamina C sola, mientras que en otras, como los niveles de anión 

superóxido fueron mayores cuando se ingieren las dos vitaminas conjuntamente, 

especialmente en los hombres. Dados los resultados ya comentados de la suplementación 

con vitamina E  en las funciones inmunitarias de los septuagenarios (Artículo 14) y las 

que se han comentado de la vitamina C, parece lógico que la suplementación con ambas 

tenga efectos muy positivos en la mejoría de las funciones de neutrófilos y linfocitos  en 

las personas de setenta años. Lo que demuestran estos últimos resultados es que no hacen 

falta cantidades mayores de los 500 mg/día de vitamina C junto con los 200 mg/día de 

vitamina E, ni un periodo mayor de 3 meses para obtener un efecto beneficioso sobre la 

funcionalidad inmunitaria. Así, los efectos positivos obtenidos en las mujeres 

septuagenarias que ingirieron durante 16 semanas 1000 mg/día de vitamina C y 200 

mg/día de E (Artículo 13), pueden ser incluso mayores con una cantidad de C y un 

tiempo de suplementación menores. Otro hecho destacable es que los beneficios de tomar 
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solo vitamina E (Artículo 14) o solo vitamina C  (Artículo 15) son similares a ingerir 

ambas. Aunque varios estudios han demostrado que para mejorar la función inmunitaria, 

era más conveniente la ingestión de dietas o suplementos con más de un antioxidante 

(Chandra, 2004; Alvarado et al., 2006a,b; Alvarez et al., 2006a,b; Vetvicka y Vetvickova, 

2012), y de que si la combinación de vitamina C y E resultó ser eficaz para disminuir la 

prevalencia e incidencia de la enfermedad de Alzheimer, lo que no se obtuvo con la 

ingestión de ambas de forma aislada (Zandi et al., 2004), esto no se ha conseguido en el 

presente trabajo. Por todo ello, mas investigaciones deberían llevarse a cabo en este 

campo para poder realmente hacer recomendaciones apropiadas a las personas mayores 

sobre la ingestión de suplementos antioxidantes que puedan mejorar su función 

inmunitaria y consecuentemente su salud, permitiendo una longevidad saludable. 

Por todo lo observado en estos últimos trabajos desarrollados en humanos, se 

puede decir que además de lo efectos beneficiosos que los antioxidantes estudiados tienen 

en las funciones inmunitarias de animales de experimentación, tanto in vitro como ex 

vivo, y que han sido comentados en los Artículo del 1 al 12 de la presente tesis, hay 

efectos similares en el sistema inmunitario del ser humano. Este hecho es coincidente con 

lo observado en otros estudios llevados a cabo también con la vitamina C y E (De la 

Fuente y Victor, 2000; Han et al., 2000, 2004,2006; Adolfsson et al., 2001; Ahmed et al., 

2004; Mcdonald et al., 2005; Maeng et al., 2009; Wu y Meydani, 2014; Bou Ghanem et 

al., 2015). Por tanto, aunque hay muchos resultados controvertidos sobre el papel 

beneficioso o no de la ingestión de antioxidantes como suplementos para mejorar la 

función inmunitaria, en el presente trabajo los resultados demuestran que, en las 

cantidades y el tiempo empleados, pueden ser útiles para mejorar algunas funciones de 

los neutrófilos y linfocitos de septuagenarios, tanto de hombres como de mujeres, y en 

estas últimas de forma relevante si las tienen más deterioradas por  presentar alguna 

patología como depresión o una enfermedad coronaria.  

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. DISCUSIÓN GENERAL 
“Investigar es ver lo que todo el mundo ha visto y pensar lo 

que nadie más ha pensado”.  

Albert Szent Györgi (1893-1986). Bioquímico húngaro 

estadounidense (Premio Nóbel de Medicina  en 1937). 

 

“En lo tocante a la ciencia, la autoridad de un millar no es 

superior al humilde razonamiento de un hombre”.  

Galileo Galilei (1564-1642). Filosofo, astrónomo, ingeniero, 

físico,…italiano. 
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Los resultados de la presente tesis parecen confirmar la hipótesis planteada de que 

la administración de antioxidantes exógenos, en cantidades apropiadas, debe mejorar la 

función de las células inmunitarias en cualquier edad, pero especialmente en individuos 

viejos, en los cuales tiene lugar una inmunosenescencia y un estrés oxidativo. 

Evidentemente esto se hace en base a que estas células inmunitarias producen ROS en su 

habitual funcionamiento de defensa frente a infecciones y cánceres, lo que representa un 

consumo de los antioxidantes endógenos de que disponen.  

Se hará en primer lugar un comentario general a los resultados obtenidos en los 

experimentos in vitro (Artículos del 1 al 5) y posteriormente a los de los experimentos ex 

vivo (Artículos del 6 al 15). Finalmente se hará una discusión global, más bien un 

corolario de lo obtenido en la presente tesis y que, con otras aportaciones, ha permitido 

generar una serie ideas, propuestas y teorías que se recogen en las revisiones presentadas 

en el Anexo (Revisiones de la 1 a la 8).   

4.1. Discusión general de los resultados obtenidos sobre los efectos in vitro de 

antioxidantes en la modulación de la función inmunitaria y sus cambios al 

envejecer 

Los resultados que se han obtenido de los trabajos llevados a cabo sobre los efectos 

in vitro de los antioxidantes en diversas funciones leucocitarias (recogidos en los 5 

primeros artículos que se han comentado y que se adjuntan en el Anexo) demuestran 

claramente el efecto estimulador que tienen los antioxidantes estudiados. Así, el ácido 

ascórbico (AA), la vitamina E (VE), y los tiólicos: glutatión (GSH), N-acetilcisteina 

(NAC), tioprolina (TP) y taurina (TAU), en un rango amplio de concentraciones, 

estimulan una serie de funciones relevantes de las células inmunitarias, tanto macrófagos 

como linfocitos y células NK, procedentes de diferentes localizaciones (peritoneo, 

ganglios axilares, bazo y timo) de ratones BALB/c adultos. Las funciones como la 

adherencia, la movilidad espontánea, la dirigida al foco infeccioso (quimiotaxis) de 

macrófagos y linfocitos, la proliferación basal y en respuesta al mitógeno ConA de los 

linfocitos y la actividad antitumoral NK, son estimuladas en presencia de esos 

antioxidantes, fundamentalmente con las cantidades mayores utilizadas.  

En las células de los ratones adultos, la estimulación encontrada por la presencia in 

vitro de los antioxidantes nos indica la necesidad que tienen los leucocitos de 

determinadas cantidades de estos compuestos para mantener su funcionamiento. De 
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hecho, se ha comprobado que las células inmunitarias utilizan sus reservas de 

antioxidantes cuando tienen que llevar a cabo su trabajo defensivo, en el cual es necesaria 

la producción de compuestos oxidantes e inflamatorios.  Además,  pueden incorporar 

antioxidantes desde el medio en el que se encuentran (Hernanz et al., 1990; Arranz et al., 

2008). En este sentido, el ácido ascórbico parece tener un papel relevante ya que es 

consumido por los macrófagos en su proceso fagocítico (Oberriter et al., 1986; Hernanz 

et al., 1990; May et al., 2005), presumiblemente debido a su oxidación por los productos 

derivados de la NADPH oxidasa, como es el O2
.- (Schultz y Harrison, 2000). Este 

antioxidante resulta fundamental para la funcionalidad de las células inmunitarias, tanto 

fagocitos como linfocitos (Artículos 1 y 5 de la presente tesis), dado que ambos tipos 

celulares producen ROS en su respuesta defensiva (Victor et al., 1998, 2001,2002b, De la 

Fuente y Victor, 2001). No obstante, durante un proceso infeccioso, linfocitos y 

macrófagos se comportan de forma diferente en lo que respecta al mantenimiento de sus 

niveles de AA. Así, los linfocitos acumulan gran cantidad del mismo en su interior, en 

paralelo con el aumento de la síntesis hepática de este antioxidante, hecho que se ha 

comprobado sucede en ratones sometidos a un proceso infeccioso por administración de 

LPS. Esto podría tener como finalidad obtener protección por parte de estas células  

frente al proceso de peroxidación lipídica. Por su parte, los macrófagos, en los que los 

niveles de AA disminuyen en el curso de la infección, parecen utilizar este antioxidante, 

posiblemente para protegerse del daño oxidativo que se podría producir debido a los 

elevados niveles de ROS que generan para eliminar el agente patógeno causante de la 

infección (Víctor et al., 2001). Cuando el AA se administra in vitro, tanto linfocitos como 

macrófagos lo incorporan, hecho que es más rápido (10 minutos) si las células están 

respondiendo a una infección. Resulta curioso que  la capacidad de incorporación de este 

antioxidante disminuya justo una horas antes de que los animales fallezcan como 

consecuencia de la endotoxemia (Victor et al., 2001). 

Lo mismo puede suceder con los otros antioxidantes estudiados. De aquí que tanto 

vitamina E, como GSH y los aportadores del mismo (NAC, TP y TAU) estimulen in vitro 

las funciones inmunitarias estudiadas, coincidiendo con lo observado en otros estudios 

(Correa et al., 1999a; De la Fuente y Victor, 2001; Puerto et al., 2002; Pomaki et al., 

2005).  

Cuando las células proceden de ratones viejos, en los que las funciones 

inmunitarias se encuentran deterioradas respecto a las de las células de los adultos, como 

consecuencia del mayor estrés oxidativo (De la Fuente et al., 2004b), los antioxidantes in 
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vitro mejoran tales funciones asemejándose los valores de las mismas a los que presentan 

los adultos. Este hecho parece tener lugar en todos los tipos celulares estudiados, 

obtenidos de diferentes localizaciones, y tanto en células de ratones de la cepa BALB/c 

como de la cepa Swiss (Artículos del 3 al 5). El efecto modulador de los antioxidantes in 

vitro se comprueba claramente en el caso de la NAC (Artículo 3), ya que la capacidad de 

adherencia de macrófagos y linfocitos, que aumenta en las células de ratones viejos en 

comparación con los adultos, disminuye en presencia de este antioxidante, especialmente 

con las concentraciones mayores utilizadas de 1 y 2,5 mM. Este papel modulador in vitro 

de la NAC asemejando unos valores funcionales deteriorados a los que muestran las 

células de los animales utilizados como controles, ha quedado de manifiesto que ocurre 

no sólo en la comparación de células inmunitarias de animales viejos versus las de 

adultos, también en las funciones de  células de animales con endotoxemia versus las de 

controles sanos (De la Fuente y Victor, 2001). De este modo, la presencia de los 

antioxidantes en el medio permite a las células inmunitarias  aumentar sus niveles de 

defensas intracelulares, las cuales se encuentran muy disminuidas al avanzar la edad 

(Alvarado, 2006; Arranz et al., 2008), como también lo están en el desarrollo de un 

proceso infeccioso (Victor et al., 2001).  

 Los mayores estimulaciones funcionales que se han obtenido con los antioxidantes 

en células de adultos en comparación con las de viejos, por ejemplo al comparar los 

efectos de la NAC en las funciones estudiadas en macrófagos (Artículo 1 y 3), podrían 

deberse o bien a una menor capacidad de incorporación al interior celular en el caso de 

los leucocitos de animales viejos, o al hecho de que se parte de niveles funcionales peores 

que se tienen que mejorar. Un hecho similar sucede cuando se compara el efecto in vitro 

de antioxidantes como NAC y AA en la funcionalidad de células inmunitarias de ratones 

con endotoxemia letal y en las de los sanos (De la Fuente y Victor, 2001). Así, las células 

inmunitarias si disponen de niveles apropiados de antioxidantes en su entorno, en la edad 

adulta, pueden defender mejor el organismo, y en la vejez, con una clara 

inmunosenescencia, pueden permitirse una función inmunitaria más semejante a la de los 

adultos.   
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4.2. Discusión general de los resultados obtenidos sobre los efectos de 

ingestión de dietas suplementadas con antioxidantes en la modulación de la 

función inmunitaria y sus cambios al envejecer 

En animales jóvenes y adultos se comprobó que la ingestión de antioxidantes en la 

dieta mejoraba una serie de funciones de las células inmunitarias. Al compararse el efecto 

de  dietas con cantidades bajas y altas de un antioxidante, como la vitamina E, ingerido 

por animales jóvenes (cobayas), se observó que la mejoría de tales funciones, en 

macrófagos y linfocitos de peritoneo y de bazo, era más evidente con la dosis alta. En los 

macrófagos peritoneales de ratones de dos cepas, una singénica como la BALB/c y otra 

más alogénica como la Siwss, la ingestión de una dieta suplementada con 0,1 % p/p de 

dos antioxidantes tiólicos (NAC+TP) durante 5 semanas, mejoró significativamente la 

capacidad funcional de los mismos y disminuyó su producción de oxidantes, siendo 

mayores los efectos en la cepa Swiss. Explicar estos efectos beneficiosos en animales 

jóvenes se puede hacer en base a que hasta la edad adulta las células inmunitarias 

presentan un cierto estrés oxidativo acompañado de una peor funcionalidad que la que se 

muestra en la edad adulta (De la Fuente et al., 2004b; De la Fuente, 2009a). Además, en 

los jóvenes puede haber un envejecimiento prematuro de los animales, por lo que la 

ingestión de dietas con antioxidantes puede mejorar la función inmunitaria a esta edad 

(Alvarado et al., 2005b,2006a). Un hecho similar se puede indicar para la edad adulta, en 

el sentido de que los animales pueden ser, aunque cronológicamente adultos, 

biológicamente viejos, y la ingestión de dietas con antioxidantes resultar muy positivas 

para ellos a la hora de mejorar su función inmunitaria, hecho que se ha comprobado en 

ratones adultos prematuramente envejecidos (Guayerbas, 2003; Guayerbas et al., 2004; 

Alvarado et al., 2006b; Álvarez et al., 2006b).   

Al comparar, en macrófagos peritoneales y en linfocitos del peritoneo y de 

ganglios, bazo y timo, procedentes de ratones Swiss viejos, los efectos que sobre toda una 

serie de funciones tendrían la ingestión de dietas suplementadas con dos cantidades, baja 

(0,1% p/p) y alta (0,3 % p/p) de los antioxidantes NAC y TP, se comprobó el mayor 

efecto de la alta, aunque en los animales adultos la baja resultó más efectiva. En principio 

estos resultados parecen lógicos dado el mayor estrés oxidativo y deterioro inmunitario 

presente en los animales viejos en comparación con el de adultos. Además, los resultados 

ponen de nuevo en evidencia la importancia de considerar las cantidades de antioxidantes 

en la dieta en relación con la edad del individuo que las ingiere.  
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En el caso de ratones Swiss viejos, con unas funciones de los linfocitos de bazo y 

timo disminuidas en comparación con las que presentan los animales adultos, la ingestión 

durante 5 semanas de una dieta enriquecida con 0,07% p/p de TP mejoró 

significativamente tales funciones, asemejando los valores de las mismas a los que 

muestran en los animales adultos. Comparando los resultados de estos dos últimos 

trabajos, se hace evidente la mayor efectividad de suplementar la dieta solo con TP que 

con TP y NAC, al menos en la vejez. Ya se comentó, en la discusión de los resultados, las 

ventajas que podría tener la ingestión de TP en la vejez. La disminución encontrada en los 

niveles de corticosterona sérica por la ingestión de la dieta con TP, apunta a un tema 

todavía no demasiado estudiado como lo es el efecto de los antioxidantes neutralizando el 

estrés emocional de los individuos viejos. Dado que el estrés oxidativo y todo lo que 

supone el deterioro de la homeostasis redox, está en la base de la neuroinflamación y las 

alteraciones neuroendocrinas  (Vida et al., 2014; Bakunina et al., 2015), la ingestión de 

dietas con cantidades apropiadas de antioxidantes como la TP, parece poder controlar el 

estado de estrés emocional, el cual suele aparecer en mayor grado con el envejecimiento. 

Así, en el contexto de la comunicación neuroinmunoendocrina, los antioxidantes no sólo 

mejorarían el sistema inmunitario, también los otros dos sistemas homeostáticos, todos 

ellos muy deteriorados al envejecer, hecho que se ha comprobado sucede con la 

administración de dietas que son suplementadas con antioxidantes (Guayerbas, 2003; De 

la Fuente et al., 2011; Cruces et al., 2014).  

Se estableció un modelo de inmunosenescencia prematura en ratones, de forma 

que aquellos que llevaban a cabo más lentamente el recorrido del brazo largo de un 

laberinto en T, tenían peor funcionalidad inmunitaria que los de su misma edad 

cronológica que lo recorrían más rápidamente. Los resultados de otros experimentos, que 

no forman parte de la presente tesis, demostraron que los ratones que recorrían más 

lentamente ese brazo de la T estaban prematuramente envejecidos, por los que se les 

denominó PAM (Prematurely Aging Mice). Así, tanto en Swiss como en BALB/c, y tanto 

en machos como en hembras, y en ratones de diferentes edades cronológicas (jóvenes, 

adultos, maduros  y viejos), hemos comprobado que es posible detectar los individuos 

que están prematuramente envejecidos, esto es, los PAM. Estos PAM siempre tienen una 

mayor inmunosenescencia, un mayor estrés oxidativo, un envejecimiento del sistema 

nervioso y endocrino y una menor esperanza de vida que los correspondientes NPAM 

(Guayerbas, 2003; Alvarado, 2006; Álvarez, 2006; De la Fuente y Vida, 2013; Manassra, 

2014; Vida et al., 2014). Este modelo de PAM, como se comentará más adelante, ha 
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servido para poder acreditar a una serie de funciones del sistema inmunitario como 

marcadores de la velocidad de envejecimiento.  

Cuando a los PAM viejos de dos cepas (Swiss y BALB/c), y a los 

correspondientes NPAM (Non Prematurely Aging Mice), se les suministró, durante 5 

semanas,  una dieta enriquecida  con NAC+TP, los resultados mostraron como a los 

PAM, los cuales  tenían peor funcionalidad inmunitaria que los NPAM, la dieta les 

mejoró muy significativamente esa funcionalidad, asemejándola a la de los animales 

cronológicamente adultos. Este efecto también se observó en los NPAM, los cuales, dada 

su edad cronológica, mostraban lógicamente una inmunosenescencia. Estos resultados 

han ratificado otros obtenidos por nuestro grupo de investigación, en los que, a cualquier 

edad cronológica, como los PAM están siempre más envejecidos biológicamente que los 

NPAM, la administración de dietas con antioxidantes han resultado ser más efectivas en 

el grupo de los PAM (Guayerbas, 2003; Alvarado, 2006; Álvarez, 2006; De la Fuente y 

Vida, 2013; Vida et al., 2014). 

Unos antioxidantes muy abundantes en la dieta, y que están siendo estudiados con 

mayor interés en los últimos años, son los polifenoles.  Cuando se quiso comprobar si la 

ingestión de dietas suplementadas con diferentes fracciones de cereales que contenían 

cantidades variables de varios polifenoles, tendrían un efecto positivo en la funcionalidad 

de macrófagos y linfocitos peritoneales de ratones maduros y viejos, se observó una 

estimulación de aquellas funciones disminuidas al envejecer y una disminución de las que 

se activan al avanzar la edad. De nuevo se aprecia el efecto modulador de los 

antioxidantes en las funciones inmunitarias, reiteradamente observado. Que los 

fitoquímicos de los cereales podrían tener un importante efecto protector para la salud, a 

través de múltiples mecanismos fisiológicos como la estimulación del sistema 

inmunitario, es algo ya asumido desde hace años (Lupton y Maccher, 1988). Los 

polifenoles, al poder actuar como antioxidantes en las dos fases, acuosa y no acuosa 

(Cooper et al., 1997), pueden interactuar de una manera integrada con antioxidantes 

adyacentes en diferentes fases dentro de un compartimento celular, produciéndose una 

reacción en cadena en las actividades de los mismos (Eastwood, 1999). Además, Existe 

una extensa literatura acerca de las diferentes y numerosas propiedades de los polifenoles, 

como agentes antioxidantes, antialérgicos, antiinflamatorios, antivirales y 

anticancerígenos (Middleton, 1998; Eastwood, 1999; Hollman y Katan, 1999; Middleton 

et al., 2000; Havsteen, 2002). De este modo, los mecanismos de acción de los polifenoles 

van más allá de la modulación de las rutas relacionadas con el estrés oxidativo. De hecho, 
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se ha propuesto que la activación que ejercen los polifenoles en las células inmunitarias 

se lleva a cabo por mecanismos epigenéticos (Cuevas et al., 2013). Es este un aspecto que 

no debería descartarse para ser aplicado a otros antioxidantes estudiados en la presente 

tesis. El tiempo de ingesta de las dietas con polifenoles, 15 y 30 semanas, produjo 

algunos efectos diferentes, dependiendo de la función estudiada y de los polifenoles 

presentes, pero, en general, resultó más beneficioso inmunológicamente el mayor tiempo 

de ingestión. En otro estudio con dietas ricas en polifenoles administradas  durante 5 y 20 

semanas, fue el periodo más largo el que obtuvo mejores resultados a nivel inmunitario 

(Álvarez,  2006). 

En el caso del ser humano, la ingestión diaria durante 16 semanas de un gramo de 

vitamina C y 200 mg de vitamina E por mujeres septuagenarias supuso una mejoría de las 

funciones estudiadas en células inmunitarias de sangre periférica (linfocitos y 

neutrófilos). Así, la proliferación de los linfocitos al mitógeno PHA, y la quimiotaxis y 

fagocitosis de neutrófilos aumentaron significativamente con la suplementación. Esto se 

acompañó de un menor estado de oxidación ya que los niveles de anión superóxido de los 

neutrófilos y los de lipoperoxidación en suero (medidos por el MDA) disminuyeron. Este 

hecho es muy relevante dado que se ha comprobado que el estrés oxidativo valorado en 

sangre periférica refleja el que tiene un individuo a nivel sistémico, y que la correlación 

que presentan algunos parámetros indicativos de este estrés, como sucede con el MDA, 

entre sus valores en sangre y en tejidos es muy elevada (Margaritelis et al., 2015). Por 

tanto, la ingestión de los antioxidantes parece suponer un menor estado oxidativo general 

del organismo, dada la disminución que del MDA se observó en suero. Cuando esa 

ingestión la llevan a cabo mujeres mayores que tenían depresión o enfermedad coronaria 

y que presentaban una peor funcionalidad de las células inmunitarias y mayor estado de 

oxidación y de estrés emocional (niveles séricos más elevados de cortisol) que las sanas 

de su misma edad, los efectos fueron todavía más significativos en cuanto a la 

estimulación de las funciones y a la disminución del estado de oxidación y de estrés 

emocional. Estos resultados confirman, por una parte,  que en el ser humano los efectos 

de los antioxidantes son similares a los ya comentados en animales de experimentación. 

Por otra, que cuanto mayor es la edad biológica de la persona, por tener una mayor estrés 

oxidativo con menores niveles de antioxidantes, como sucede en las septuagenarias con 

depresión y  cardiopatías coronarias (Cumurcu et al., 2009; Maes et al., 2011; Prohan et 

al., 2014; Siddiqui et al., 2014; Gruzdeva et al., 2014; Uppal et al., 2014; Buko et al., 

2014; Siddiqui et al., 2014), la ingestión de suplementos antioxidantes resulta mucho más 

efectiva.  Este hecho indica que en el ser humano se reproduce lo que se ha observado en 
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los animales de experimentación, esto es,  que cuanto peor es el estado redox de los 

individuos como sucede en los animales cronológicamente viejos o adultos pero con 

envejecimiento prematuro (PAM) los efectos positivos de la ingestión de antioxidantes 

resultan mucho más significativos.   

En hombres y mujeres septuagenarios, la ingestión de vitamina E (200 mg/día), de 

vitamina C (500 mg/día) o de vitamina C y E (500mg+200mg/día, respectivamente)  

durante 3 meses, mejoró la función inmunitaria de los leucocitos de sangre periférica, 

deteriorada en comparación con la que presentaban los controles cronológicamente 

adultos. Este efecto beneficioso hizo que los valores de las funciones de los 

septuagenarios se asemejaran a los de los adultos. Tras 6 meses sin ingestión de tales 

suplementos, aunque algunas funciones ya recuperaron sus valores anteriores al inicio de 

la suplementación,  otras seguían manteniendolos.   

 La vitamina E utilizada ha sido siempre el α-tocoferol, la forma más 

abundante en la naturaleza y la que posee una mayor actividad biológica (Brigelius-Flohe 

y Traber, 1999; Brigelius-Flohe, 2005). Aunque el papel de la vitamina E en la salud y la 

enfermedad sigue siendo objeto de debate, los datos recientes indican que en un rango de 

23-800 UI/día su ingestión no afecta la mortalidad (Curtis et al., 2014) y puede tener 

efectos positivos en muchos aspectos fisiológicos, en estado de salud y en algunas 

enfermedades (Rizvi et al., 2014).  

Los resultados demuestran que las cantidades administradas de vitaminas C y E 

son apropiadas, pues no se aprecia un posible efecto pro-oxidante como ha sido indicado 

puede tener el ácido ascórbico (Chakraborthy et al., 2014). Los efectos beneficiosos  

obtenidos podrían deberse a la acción directa de los compuestos antioxidantes, pues ya se 

ha comprobado que, al menos en células inmunitarias de ratones, tienen una acción 

positiva  in vitro (Artículo 1, 5) (Victor et al., 2000; De la Fuente y Victor, 2001). Pero 

también, los efectos pueden ser debidos al efecto estimulador que tienen muchos 

antioxidantes, como la vitamina C, sobre la actividad de las defensas antioxidantes, como 

las enzimas  GPx y GR (Barja et al., 1994; Cadenas et al., 1994; Polidori et al., 2004). Por 

otra parte, los antioxidantes también puede actuar a través del control de la activación del 

NFkB, hecho que hace tanto la vitamina C, mediante la activación de la MAPK p38 

(Bowie y O’Neill, 2000; Carcamo et al., 2002), como la vitamina E (Wu y Meydani, 

2008). Además, esos estudios indican que la inhibición de la activación del NFkB por la 

acción de la vitamina C no se debe únicamente a la acción antioxidante de la misma, ya 
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que otras rutas de señalización, que no dependen del estado redox de la célula, parecen 

poder bloquearse por la vitamina C.  

Resulta curioso que la ingestión de un suplemento sólo de vitamina C produzca el 

mismo efecto o incluso mejor que el tomar la misma cantidad de esa vitamina con la E. El 

papel relevante de la vitamina C en las células inmunitarias (Sorice et al., 2014),  se 

manifiesta por el hecho de que la concentración de este antioxidante en dichas células, 

especialmente en los fagocitos, tanto macrófagos como neutrófilos, sea 10-40 veces 

mayor que la observada en el plasma (Oberritter et al., 1986). Así, este antioxidante 

hidrosoluble se ha propuesto como el más importante en la sangre de humanos y en las 

células de los mamíferos, con mecanismos de reciclaje y acumulación contra gradiente, lo 

que sugiere su relevancia para las funciones celulares (Duarte y Lunec, 2005), 

especialmente para las de los leucocitos. De hecho, cuando se da una suplementación con 

antioxidantes, como la vitamina C o los aportadores de GSH, son las células inmunitarias 

de sangre periférica las que retienen esos antioxidantes, no aumentando los mismos en el 

plasma. Esto se ha comprobado con la suplementación de NAC en mujeres 

postmenopáusicas, en las que la función de los neutrófilos y linfocitos mejoraba 

significativamente debido a un aumento de los niveles de GSH en dichas células, 

aumento que no tenía lugar en el plasma  (Arranz et al., 2008). Como ya se ha 

mencionado, la concentración de ascorbato y glutation se correlacionan de forma directa 

en muchas células, como por ejemplo en los linfocitos humanos (Lenton et al., 2000). Así 

al suplementar con vitamina C no solo se aumenta la concentración de ascorbato en estas 

células, también lo hace la del glutation (Lenton et al., 2003). Todo ello podría explicar el 

efecto mayor que muestra la suplementación con vitamina C. Además, los efectos 

beneficiosos de la ingestión de vitamina C, incluso a corto plazo, tienen lugar incluso en 

individuos con niveles elevados de la misma, no haciendo falta la presencia de una 

deficiencia para observar los efectos positivos de su ingestión (Poliori et al., 2004). 

El tema de las cantidades de antioxidantes que se ingieren es relevante, pues la 

vitamina C tomada en dosis muy bajas ó muy altas, ha mostrado efectos adversos tales 

como una disminución del peso corporal de los animales, de la actividad GR, así como 

una del grado de insaturación de los ácidos grasos de los lípidos de las membranas (Barja 

et al., 1994). No obstante, se ha sugerido que la importancia de un antioxidante no 

depende únicamente de su concentración y actividad sino también de su capacidad para 

interaccionar con los sistemas que lo regeneren (Brohee y Neve, 1995). De hecho, la 

vitamina C y el GSH, dos antioxidantes que actúan de manera cooperativa, serían los 



Discusión General 
 

 132 

reductores fisiológicos del radical tocoferilo (Burton et al., 1983) en el que se transforma 

la vitamina E tras su actuación. 

Un hecho que se desprende de los resultados de la presente tesis, es la diferente 

respuesta, a la suplementación con antioxidantes, de los niveles de anión superóxido 

intracelulares en leucocitos peritoneales de animales de experimentación y en neutrófilos 

de humanos, como también lo es los cambios en este parámetro al avanzar la edad en 

unos y en otros. Así, al envejecer, disminuyen los niveles intracelulares de este anión en 

leucocitos peritoneales de animales de experimentación y aumentan en neutrófilos de 

sangre periférica del ser humano, lo cual ha sido detectado en muchos otros experimentos 

(Guayerbas, 2003; Alvarado, 2006; Arranz, 2009; Maté, 2015). Como ya se ha 

comentado, en el peritoneo de los animales, en cuya suspensión se han llevado a cabo las 

medidas de los niveles de anión superóxido, se encuentran macrófagos y linfocitos, y 

ambos producen este radical libre, aunque en mayor medida los macrófagos (De la Fuente 

y Victor, 2001; Victor, 2001). Sin embargo, en humanos siempre se han analizado los 

niveles de anión superóxido en neutrófilos aislados, células con menor esperanza de vida 

que los macrófagos (Bainton, 1980). Parece lógico pensar que, al envejecer,  estas 

células, los neutrófilos, generen más ROS en un intento de cumplir su misión en el poco 

tiempo de vida de que disponen, y como una clara evidencia de su estado de 

desregulación. En este sentido, hay que tener en cuenta que aunque la producción de ROS 

es un importante mecanismo de destrucción de los microorganismos fagocitados, hay 

también una correlación positive entre bajos niveles de anión superóxido y actividad 

bactericida  (Boxer, 1995). Además, Wolach et al. (2000) observaron que una excesiva 

generación de anión superóxido no se asociaba a una adecuada capacidad bactericida, 

pero sí puede representar una fuente importante de daño oxidativo para otras células y 

tejidos. Por su parte, la ingestión de dietas o suplementos con antioxidantes, en 

individuos viejos,  aumenta los niveles de anión superóxido en células peritoneales de 

animales de experimentación y disminuye los de los neutrófilos. En ambos casos los 

antioxidantes regulan los niveles que tienen que tener dichas células para asemejarse a los 

presentes en el estado adulto, que es cuando mejor funcionan. Este podría ser un claro 

ejemplo del papel modulador que pueden ejercer los antioxidantes, en cantidades 

apropiadas, en la función inmunitaria y, consecuentemente, en la salud de los individuos. 
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4.3. COROLARIO 

“El verdadero viaje de descubrimiento no consiste en buscar nuevos paisajes 

sino en mirar con nuevos ojos”. Marcel Proust (1871-1922), escritor francés. 

Los resultados obtenidos en la presente tesis apuntan a que los antioxidantes 

estudiados, y en las concentraciones utilizadas, en general, mejoran la función 

inmunitaria y lo hacen de forma más evidente en los individuos viejos que presentan una 

clara inmunosenescencia. Además, estos resultados han permitido confirmar muchos de 

los cambios que experimentan las funciones inmunitarias en el envejecimiento y aportar 

un modelo de envejecimiento prematuro en ratones con el que, tras otros estudios que 

forman parte de otras tesis doctorales, confirmar el papel del sistema inmunitario como 

marcador de la velocidad de envejecimiento de cada individuo y la incidencia del estado 

funcional de este sistema en dicha velocidad (Revisiones de la 1 a la 8). En este contexto, 

los resultados obtenidos avalan que los antioxidantes pueden jugar un papel importante 

modulando y mejorando la función inmunitaria y, consecuentemente, la salud del 

individuo, lo que le permitirá una longevidad saludable.   

En el momento actual, a diferencia de lo que sucedía cuando se inició la presente 

tesis doctoral, el papel de los antioxidantes está siendo muy cuestionado. También hay 

una tendencia, por parte de una serie de investigadores, a plantearse la validez de la teoría 

de la oxidación en el contexto del envejecimiento. Si bien los resultados de esta tesis, y 

los recogidos en las revisiones, apoyan ambos hechos, no obstante, hay que saber ser 

críticos con todas las afirmaciones científicas. 

Todo el enfoque de la presente tesis se ha hecho en el contexto fisiológico de la 

relevancia que tiene para el mantenimiento de la salud del organismo el alcanzar los 

equilibrios que definen la homeostasis, o mejor el equilibrio dinámico, la homeocinesis.  

Nada es bueno o malo en si mismo, depende de la cantidad y el momento. Así, se sabe 

que el estrés oxidativo, referido como un desbalance con elevados niveles de ROS y bajos 

de antioxidantes, causa daño a las macromoléculas y se encuentra asociado a un amplio 

número de patologías. Pero las ROS también, y en niveles relativamente elevados, 

activan señalizaciones celulares que permiten muchas funciones relevantes, siendo 

esenciales en la denominada “biología redox”. De este modo, el concepto de “hormesis” 

se está aplicando al papel de las ROS (Schieber y Chandel, 2014), destacando como 

ciertas cantidades de las mismas son muy necesarias y permiten activar defensas en el 

organismo, pero un exceso es lo que resulta nocivo (Ristow y Schmeisser, 2011). 
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Las células inmunitarias son un claro ejemplo de la importancia que tiene el 

conseguir, en cada momento, las cantidades de ROS y antioxidantes que se requieren. 

Durante los procesos infecciosos, los leucocitos, pero principalmente los que constituyen 

la respuesta innata, y especialmente los fagocitos, al activarse generan una gran cantidad 

de compuestos oxidantes con efectos microbicidas y citotóxicos, necesarios para llevar a 

cabo su función (De la Fuente et al., 2011; Paiva y Bozza, 2014).  Así, estas células se 

hayan sometidas a un estrés oxidativo que no soportan otros tipos celulares.  Si estos 

compuestos son liberados al medio extracelular ó bien son producidos en exceso, pueden 

llegar a dañar al organismo hospedador así como a la célula que los produce. También 

muchas funciones de las células de la respuesta adaptativa o adquirida, esto es de los 

linfocitos, se llevan a cabo gracias a la liberación de ROS (Kaminski et al., 2013). De 

hecho, la inflamación y la oxidación, procesos estrechamente relacionados, son 

fundamentales para el adecuado funcionamiento del sistema inmunitario (Vida et al., 

2014). En ese funcionamiento, parece lógico que utilicen defensas antioxidantes, las 

cuales son también anti-inflamatorias, para evitar los daños oxidativos de las ROS y 

detener el proceso de inflamación. No obstante,  si los antioxidantes se encuentran en 

exceso en el momento en que las células inmunitarias tienen que llevar a cabo su función 

destructora, se puede generar lo que se ha llamado un “estrés reductivo”, e imposibilitar 

el adecuado funcionamiento de dichas células. También, unas cantidades elevadas de 

antioxidantes pueden tener un papel pro-oxidante y pro-inflamatorio, hecho que se ha 

comprobado en varios de estos compuestos  (Furukawa et al., 2003; Elbling et al., 2005; 

de Oliveira et al., 2012).  

Por lo indicado, parece lógico que existan resultados muy diferentes y 

controvertidos en aquellas aproximaciones que utilizan dietas enriquecidas o 

suplementadas con antioxidantes. Entre algunas de las posibles razones se comentarán las 

diez siguientes.  (1) La edad que presentan los individuos al comenzar el período de 

suplementación (Bezlepkin et al., 1996), ya que según sea esa edad las funciones 

inmunitarias pueden activarse de forma diferente frente a una misma cantidad de 

antioxidantes (Guayerbas et al., 2002) y los requerimientos de éstos para mantener una 

función inmunitaria óptima pueden ser mayores en la vejez (Guayerbas, 2003). (2) La 

duración del período de suplementación, la cual puede determinar los resultados 

obtenidos (Wood et al., 1999). (3) Las posibles interacciones existentes entre los 

antioxidantes utilizados en las suplementaciones y con otros compustos del organismo 

(Palozza y Krinsky, 1992; Mukai et al., 2005). (4) La dosis de los antioxidantes 

administrada (Lowe et al., 1999), ya que la ingesta excesiva de algunos de estos 
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compuestos puede tener efectos nocivos (Chandra, 1984;  Calder y Kew, 2002; Ibs y 

Rink, 2003), mientras que cantidades de antioxidantes que no cubren los requerimientos 

de las células pueden no mostrar efecto (Santos et al., 1997). Incluso, se ha llegado a 

proponer un efecto “hormético” para los antioxidantes (Rattan, 2014).  (5) La manera en 

que son administrados los antioxidantes, hecho que va a condicionar una incorporación 

en mayor o menor grado (Shibamura et al., 2009). (6) La capacidad del antioxidantes 

administrado de poder ser sintetizado o no por el organismo, lo que conlleva una 

regulación diferente (Banhegyi et al., 1997). (7) La posible acción de los compuestos 

administrados para inducir defensas antioxidantes endógenas (Farr et al., 2012; Guerra-

Araiza et al., 2013). (8) El estado nutricional de los sujetos antes del inicio de la 

suplementación (Solomons, 1999).  (9) El estado psicológico y emocional del individuo, 

hecho que va a determinar, entre otras cosas,  su edad biológica (Vida et al., 2014).  (10 ) 

La microbiota que posea el sujeto, un factor recientemente incorporado en esta área de 

investigación (Zapata y Quagliarello, 2015). 

Los resultados de la presente tesis parecen apuntar a que los antioxidantes 

estudiados, y en las cantidades analizadas, pueden ayudar a disponer de mejores  

funciones inmunitarias, tanto de los fagocitos, como de los linfocitos y de la actividad 

NK, en los individuos adultos, y esto parece deberse a una acción directa de los 

antioxidantes en las células inmunitarias. Aunque en adultos solo se han utilizado 

animales de experimentación, en resultados del laboratorio, se ha comprobado que 

también en hombres y mujeres jóvenes la ingestión de vitamina C y E, aunque no produce 

efectos muy significativos, sí mejora algunas funciones inmunitarias, o al menos no las 

modifica. Como la capacidad funcional de los leucocitos ha sido propuesta como el mejor 

marcador de salud (Wayne et al., 1990), parece evidente que la ingestión de cantidades 

apropiadas de antioxidantes puede ser un excelente candidato para mantenerla en la edad 

adulta, especialmente si estos antioxidantes pueden, directa o indirectamente, mejorar el 

estado redox de las células inmunitarias. En este sentido, hemos comprobado que otra 

estrategia que mejora la función inmunitaria como es la realización de ejercicio físico 

moderado, lo hace a través de aumentar las reservas antioxidantes de estas células (De la 

Fuente et al., 2005; 2011).  

En lo que respecta a los efectos de los antioxidantes en el proceso de 

envejecimiento, lo que constituye la mayor parte de los estudios de la presente tesis, se 

han podido abordar los efectos de esos compuestos en animales de experimentación 

(ratones) y en hombres y mujeres septuagenarios. Los resultados parecen demostrar muy 



Discusión General 
 

 136 

claramente que la inmunosenescencia propia de una mayor edad (cronológica o 

biológica) puede ser modulada por la ingestión, durante tiempos no muy largos, de 

cantidades adecuadas de antioxidantes y conseguirse una funcionalidad inmunitaria 

semejante a la que muestran los individuos adultos sanos.  

Los antioxidantes, el envejecimiento y la longevidad saludable  

En la presente tesis nos hemos centrado en la definición de envejecimiento de 

Shock (1979): “una pérdida progresiva de rendimiento, de homeostasis y de resistencia a 

los estreses medioambientales”, asumiendo que es un proceso biológico que presentan 

todos los organismos, incluso en un medio ambiente óptimo. Si bien en el envejecimiento 

hay cambios bioquímicos, morfológicos, fisiológicos y conductuales, consideramos que 

es posiblemente la perspectiva fisiológica la que mejor defina las alteraciones que se 

manifiestan al envejecer. Con el paso del tiempo se van dando pérdidas y deterioros en 

prácticamente todos los órganos y sistemas, bien de tipo primario o secundarias a otras 

alteraciones, aunque el ritmo al que tienen lugar los cambios depende de cada tipo 

celular. De hecho, los tres sistemas reguladores que tenemos y que mantienen nuestra 

homeostasis, el sistema nervioso, el endocrino y el inmunitario, se deterioran con la edad 

por lo que se responde peor a las variaciones del medio interno y externo.  

De todas las teorías publicadas sobre cómo se produce el envejecimiento, y que 

han sido recogidas en diversas revisiones (Medvedev, 1990; Hughes y Reynolds, 2005; 

Rattan, 2006; Viña et al., 2007a;Miquel, 2009; Brewer, 2010; Cefalu, 2011), la que, a 

pesar de los muchos intentos, consideramos que no ha podido ser desechada es la de los 

radicales libres (Harman, 1956) o como ahora se denomina más comúnmente, del daño 

oxidativo. Evidentemente esta teoría debe ser matizada, y, en conjunción con otras teorías 

elaborar una “teoría integradora” que intente dar una explicación de los mecanismos 

claves de “cómo” se produce el envejecimiento a los principales niveles de organización 

biológica. Esto se ha pretendido hacer en la Revisión 5 y en el capítulo de Miquel (2009). 

En esta revisión (Revisión 5) se recoge también como investigadores que han defendido, 

con esplendidos experimentos, que el envejecimiento es un proceso únicamente 

programado genéticamente, como Hayflick y su teoría del “índice mitótico” (Hayflick, 

1980) (en la que se basa la del acortamiento de los telómeros, tan ampliamente aceptada a 

pesar de sus limitaciones para ser aplicada de forma universal a células y organismos),  

han modificado más recientemente su punto de vista, desechando su teoría genética 

(Hayflick, 2007). Como indica Miquel (2009), las células que forman los tejidos 
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somáticos primero siguen un programa genéticamente controlado de diferenciación 

celular y luego se desorganizan como consecuencia no directamente programada o 

“efecto secundario” del estrés oxidativo, fundamentalmente mitocondrial.  

Los antioxidantes han sido precisamente muy utilizados para intentar desacreditar 

la teoría de la oxidación. Si ya hace años se cuestionó en base a que las especies más 

longevas tenían menos antioxidantes que las menos longevas, luego se demostró que este 

hecho era lógico dado que eran las más longevas las que menos ROS producían en sus 

mitocondrias y, por tanto, no necesitaban de grandes cantidades de antioxidantes 

endógenos (revisado por Barja, 2013). En esta revisión de Barja (2013) se defienden los 

dos hechos incuestionablemente ligados a la longevidad: la menor velocidad de 

generación de daños endógenos y poseer macromoléculas en los tejidos con elevada 

resistencia a la oxidación. Más recientemente, se ha postulado que si la teoría de la 

oxidación fuese cierta, la administración de antioxidantes debería aumentar la esperanza 

de vida (Sadowska-Bartosz y Bartosz, 2014). En la revisión de estos autores se indica 

como, a pesar del elevado número de trabajos en este sentido, la cuestión sigue sin estar 

clarificada. Así, en los estudios existentes sobre si la vitamina C y la E (antioxidantes 

utilizados en la presente tesis) aumentan la esperanza de vida de toda una serie de 

organismos multicelulares (desde el C. elegans hasta la rata, ratón y cobaya), se recogen 

desde datos que indican aumentos, a los que no observan ningún efecto o detectan una 

mayor mortalidad (Pallauf et al., 2013a,b; Ernst et al., 2013). Resultados similares se han 

encontrado con otros antioxidantes y con mezclas de los mismos (asemejando más lo que 

hay en los productos naturales). En la revisión de Sadowska-Bartosz y Bartosz (2014) se 

sugiere la idea de que dado que los antioxidantes no han demostrado alargar la vida, 

especialmente en mamíferos, esto hace que la teoría de los radicales libres no sea 

sostenible. No obstante, se recogen también en esa revisión una serie de evidencias de 

que la administración a corto plazo de antioxidantes mejora toda una serie de funciones, 

aunque luego se recuperen los niveles previos de las mismas tras suspenderse la 

administración. Por tanto, una cosa es criticar el papel de los antioxidantes en la 

longevidad y otra en la salud. En esa revisión también se recogen trabajos que han 

observado que la sobreexpresión de antioxidantes, como por ejemplo la SOD, puede 

proteger frente al estrés oxidativo pero no alargar la vida, y que mutantes carentes de  

SOD no tienen una vida más corta. Los autores utilizan estos hechos para decir que no 

hay relación entre el daño oxidativo por la generación de radicales libres y el 

envejecimiento. No obstante, ellos mismos dan como explicación que hay mecanismos 

compensatorios, y mencionan experimentos en los que la administración de antioxidantes 
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permiten una mayor longevidad.  Por tanto, no es lo mismo lo que sucede en organismos 

genéticamente modificados, en los que la maquinaria de compensación se ha puesto en 

marcha desde el principio de su vida, que lo que tiene lugar en los individuos normales.  

En estos últimos se pueden activar, por factores de estilo de vida, como puede ser la 

ingestión de ditas con antioxidantes, los denominados “vitagenes” que permiten preservar 

la homeostais celular y la del organismo en general. Si los antioxidantes de la dieta se ha 

visto que pueden ser protectores a través de activar vías horméticas, que incluyen a estos 

“vitagenes” (Calabrese et al., 2012; Rattan, 2012), ¿cómo se puede utilizar el efecto 

hormético de las ROS para cuestionar la teoría de los radicales libres del envejecimiento 

como hacen Ristow y Schmeisser (2011)?.  

Posiblemente muchas de las controversias sean debidas a algunos de los diez 

hechos anteriormente planteados y a que se confunde fácilmente longevidad máxima con 

longevidad media. Lo que nuestro grupo de investigación intenta estudiar son aquellos 

factores del estilo de vida, entre los que se encuentra la nutrición y la presencia de 

antioxidantes en la misma, que permitan una mejor esperanza de vida media de cada 

individuo, esto es, una longevidad saludable (De la Fuente et al., 2011). Las revisiones 

presentadas en el Anexo sustentan esta idea. 

Papel del sistema inmunitario en el envejecimiento. Teoría de la oxidación-

inflamación   

Como consecuencia de los trabajos de nuestro grupo, y considerando las 

aportaciones de otros autores, hemos propuesto una nueva teoría del envejecimiento, la de 

la “oxidación-inflamación”, en la que se ha sugerido que el sistema inmunitario puede 

tener un papel importante regulando la velocidad de envejecimiento de cada individuo y 

modulando lo que hemos denominado como “oxi-inflamm-aging” (De la Fuente et al., 

2005, Revisión 5 y Revisión 8). En esta teoría se parte de la base de que en el 

envejecimiento tiene lugar  un estrés oxidativo crónico, y un estrés inflamatorio crónico, 

dado que, como ya se ha indicado, estos dos procesos, oxidación e inflamación, están 

íntimamente relacionados (Vida et al., 2014). Este estrés afectaría a todas las células del 

organismo, generando daño, pero tendría especial relevancia en las de los sistemas 

homeostáticos, el nervioso, el endocrino y el inmunitario, los cuales, al no poder 

conservar su equilibrio redox sufrirían el daño oxidativo y, consecuentemente, una falta 

de función, lo que impediría un mantenimiento adecuado de la homeostais. Este deterioro 

de la homeostasis daría lugar al aumento de morbilidad y mortalidad típico de la vejez. 
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En este contexto, nuestro sistema inmunitario por su característico funcionamiento, en el 

que requiere generar continuamente una elevada cantidad de compuestos oxidantes e 

inflamatorios, podría activar factores, como el ubicuo factor de transcripción NF-kB, que, 

al alcanzar un cierto grado de activación, podría estimular la expresión de genes de 

compuestos oxidantes e inflamatorios (Victor y De la Fuente, 2003a). De hecho, este 

factor manifiesta una gran activación en las células inmunitarias en situaciones de estrés 

oxidativo, como la septicemia (Victor y De la Fuente, 2003a). Además, resultados de 

nuestro grupo de investigación han demostrado que este factor se encuentra muy activado 

en leucocitos de individuos viejos, no dándose dicha activación en las células de los 

longevos en las que se encuentra como en las de los adultos (Arranz et al., 2010a). De 

este modo, si esa producción de compuestos oxidantes/inflamatorios por parte de las 

células inmunitarias al envejecer no se regula adecuadamente, se podría entrar en un 

“circulo vicioso” o mejor en una “espiral viciosa”, pues las nuevas situaciones que se van 

generando son similares, pero no idénticas.  En esa situación, la  mayor cantidad de 

compuestos oxidantes e inflamatorios, producidos por parte del sistema inmunitario, 

activarían más aún la producción de los mismos vía factores como el antes mencionado 

NFkB. Si esa espiral no es controlada, tales compuestos afectarían con el tiempo no sólo 

a las células inmunitarias, también a todas las células del organismo, contribuyendo de 

este modo a mantener y aumentar el estrés oxidativo crónico del mismo (De la Fuente et 

al., 2005).  

De hecho, al envejecer las células inmunitarias generan más oxidantes y 

compuestos inflamatorios, especialmente en situación basal en la que los mismos no son 

requeridos para la función defensiva. Esto se ha comprobado sucede tanto en animales de 

experimentación como en el ser humano, siendo este estrés oxidativo e inflamatorio la 

causa del deterioro funcional de las células inmunitarias, esto es, de la 

inmunosenescencia. De este modo, en aquellos individuos que llegan a gran longevidad, 

como hemos comprobado sucede en ratones y en personas centenarias, y también 

nonagenarias, sus células inmunitarias no muestran el estrés oxidativo e inflamatorio de 

las de los ratones viejos o de las personas septuagenarias, teniendo unos niveles de 

oxidantes y antioxidantes y de compuestos inflamatorios y anti-inflamatorios, similares a 

los que se encuentran en los leucocitos de los correspondientes adultos. 

Consecuentemente, las células inmunitarias de estos sujetos que alcanzan gran 

longevidad muestran una capacidad funcional similar a la de las células de los adultos 

(De la Fuente et al., 2005; Alonso-Fernández et al., 2008; Arranz et al., 2008; 2010a,b; 

Vida et al., 2014; Maté, 2015).  
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Por lo indicado, si bien no parece adecuado aceptar la  “la teoría inmunitaria” del 

envejecimiento, tal cual fue emitida hace años (Makinodan, 1977, 1998; Makinodan y 

Kay, 1980; Walford, 1969,1987), ya que ésta proponía como causa del envejecimiento el 

deterioro del sistema inmunitario, y esta idea no se acoge al principio de universalidad, al 

no disponer todos los animales de sistemas defensivos similares al que muestran los 

mamíferos, sí se propone que el sistema inmunitario pueda jugar un papel trascendente en 

la oxidación que subyace al envejecimiento y en la aceleración del mismo.  

Con este enfoque, la teoría de la oxidación-inflamación, en lo que respecta a la 

propuesta de que el sistema inmunitario puede modular la velocidad a la que envejecen 

los individuos, puede ser de aplicación universal, hecho imprescindible para poder 

aceptar cualquier teoría sobre el envejecimiento. En toda una serie de experimentos se ha 

comprobado que al envejecer son los fagocitos los que más se activan en lo que respecta a 

la generación de compuestos oxidantes e inflamatorios, hecho que no se aprecia de igual 

manera en los linfocitos (De la Fuente et al., 2004; Puerto et al., 2005b; Alonso-

Fernandez, 2006; Maté, 2015, y resultados en vías de publicación). Curiosamente, los 

fagocitos están presentes en todos los animales, incluidos los invertebrados, los cuales 

carecen de linfocitos, pero presentan una inmunidad semejante a la innata de los 

vertebrados (Lavina y Strand, 2002; Tiouvanzian et al., 2003; Manaka et al., 2004; 

Meister, 2004; Crozatier y Mester, 2007).  Además, el regulador clave de la inmunidad 

innata, el sistema NF-kB, es una vía antigua de señalización que ha sido encontrada tanto 

en vertebrados como en invertebrados y, como se ha indicado, es la clave de la 

inflamación en el envejecimiento  (Salminen et al., 2008a,b). 

¿Podría el sistema inmunitario estar diseñado para controlar la velocidad de 

envejecimiento? 

Aceptando la idea de que el sistema inmunitario, al menos en su aspecto más 

primitivo y extendido de la inmunidad innata protagonizada por las células fagocíticas,  

podría ser un modulador de la velocidad de envejecimiento, gracias a poder modular el 

estado de oxidación e inflamación del organismo, sería posible dar un paso más y asumir 

que esa es una de sus funciones en la naturaleza. Siguiendo el razonamiento planteado 

por Besedovsky y Del Rey (1996), según el cual el sistema inmunitario no es sólo un 

claro sistema homeostático, también se puede comportar como antihomeostático, se 

entiende el hecho, que estos autores ponen como ejemplo, de que en un shock séptico, el 

individuo no muera como consecuencia del agente infeccioso, sino del sistema 
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inmunitario desregulado que al producir tantos compuestos oxidantes e inflamatorios 

acaba produciendo el fallo multiorgánico. La explicación que dan estos investigadores es 

que si el sistema inmunitario se encuentra incapaz de poder defender al individuo de la 

infección, utiliza sus herramientas de oxidación e inflamación para sacrificarlo en 

beneficio del resto de los individuos de la especie a los que podría infectar. Nuestra 

propuesta es aplicar esta idea a lo que sucede en el envejecimiento. Desde que nacemos 

nuestro sistema inmunitario se tiene que enfrentar a numeroso agentes extraños y, para 

defendernos de los mismos, ha ido liberando compuestos oxidantes e inflamatorios. 

Cuanto mejor lo hace, mas fácil es que sobreviva el individuo y llegue a la edad 

reproductora (lo que le interesa a la especie para su mantenimiento). El sistema 

inmunitario no está diseñado evolutivamente para mantener mucho tiempo su función 

defensiva, especialmente en individuos de algunas especies como la humana que ha 

aumentado tanto su esperanza de vida media. Esta teoría evolutiva de la 

inmunosenescencia (Franceschi et al., 1999) nos explica por qué la inmunidad adquirida, 

más especializada y sofisticada y más reciente en términos evolutivos, es la que sufre el 

mayor deterior con el envejecimiento, mientras que la inmunidad innata, más antigua y 

menos específica es la que mejor se preserva e incluso la que se estimula excesivamente, 

siendo la principal causante del estrés oxidativo que acontece al envejecer.  Al igual que 

pasa con la utilización del oxígeno, que nos permite vivir con gran actividad pero que 

tiene la contrapartida de generar oxidación, un sistema inmunitario muy activo está 

diseñado para defendernos mejor de las infecciones y tumores a los que estamos 

sometidos continuamente, pero después hay que pagar las consecuencias de esa 

activación y la misma, si no se encuentra bien controlada o no hay una buena adaptación 

del individuo, participa acelerando el proceso de envejecimiento. Así, podría ser un 

sistema eficaz para eliminar a los individuos ya no útiles para el mantenimiento de la 

especie.  

¿El efecto de los antioxidantes podría ratificar el papel del sistema inmunitario en 

el envejecimiento? 

Una forma de confirmar la idea expuesta anteriormente sería que aquellas 

intervenciones que permitan mantener un mejor estado redox y función inmunitaria y, 

consecuentemente, puedan romper el “circulo vicioso” o “espiral viciosa” comentada en 

la teoría de la oxidación-inflamación, consigan una mayor longevidad saludable de los 

individuos. 
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Dentro de las estrategias que ha analizado y sigue estudiando nuestro grupo de 

investigación (De la Fuente et al., 2011), la presente tesis se enmarca en la de la nutrición 

con dietas que contengan cantidades apropiadas de antioxidantes. El planteamiento es que 

si el proceso de envejecimiento se debe a un estrés oxidativo e inflamatorio crónico en el 

que el sistema inmunitario mal regulado puede intervenir acelerando dicho proceso, la 

administración de cantidades adecuadas de antioxidantes, que también son anti-

inflamatorios, podría permitir alcanzar el equilibrio que se requiere para el mantenimiento 

de un buen sistema inmunitario y, consecuentemente, de la salud.   

Los datos de la presente tesis han comprobado que efectivamente, una serie de 

dietas con antioxidantes permiten mejorar la función inmunitaria y en el envejecimiento 

(en animales de experimentación y en el ser humano), tanto cronológico como biológico,  

hacer que los valores funcionales de las células inmunitarias sean similares a las de los 

adultos. Esto ha sido ratificado con los resultados de otras tesis doctorales del grupo. Así, 

se confirmó que esta intervención “rejuvenecía” la función inmunitaria, pero también 

mejoraba la de los otros sistemas reguladores, especialmente el sistema nervioso (la 

respuesta conductual de los ratones se mejoraba significativamente) (Guayerbas, 2003; 

Alvarado, 2006; Álvarez, 2006; Baeza, 2009 y Arranz, 2009). En algunos de los trabajos 

también se demostró que esta intervención aumentaba la longevidad de los animales 

(Guayerbas, 2003 y Alvarado, 2006). 

El sistema inmunitario como marcador de edad biológica. Modelo de 

envejecimiento prematuro  

 La presente tesis ha permitido también hacer una cierta aportación a otro de los 

retos de nuestro grupo de investigación: el demostrar que algunas capacidades 

funcionales del sistema inmunitario pueden servir como marcadores de la velocidad a la 

que cada individuo envejece, esto es, que pueden ser indicadores de la edad biológica. Ya 

se comentó en la introducción el concepto de edad biológica,  la cual tiene mayor valor de 

predicción de la longevidad que la edad cronológica (Soler y Miquel, 2009). Si 

cuantificar la edad cronológica es fácil, no lo es el conocer la edad biológica de un 

individuo. Como se indicó en la introducción, ha habido intentos de aportar marcadores 

de edad biológica, uno de ellos ha sido publicado muy recientemente (Belsky et al., 

2015), pero, a pesar del progreso que ya representa este reciente trabajo y las novedades 

que aporta, no ha habido todavía una adecuada acreditación de los marcadores 

propuestos. Para acreditar a unos parámetros como marcadores de “edad biológica” y, por 



Discusión General 
 

 143 

tanto, predictores de longevidad, es necesario que el valor que muestren en un individuo 

se relacione con lo que vive el mismo. En este sentido hemos utilizado dos 

aproximaciones experimentales para acreditar a los parámetros inmunitarios como 

marcadores de edad biológica.  Una de ellas, ha sido el comprobar que individuos que 

llegan a gran longevidad (personas centenarias y ratones longevos) tienen esos 

parámetros con valores típicos de la edad adulta (Alonso-Fernández et al., 2008; Arranz 

et al., 2010a,b,c). Otra aproximación ha sido demostrar que adultos que muestran en esos 

parámetros valores típicos de una edad cronológicamente mayor, realmente mueren antes. 

Esto, sólo es posible hacerlo en animales de experimentación con una longevidad media 

mucho menor que la humana, como sucede en los ratones con sus 2 años de esperanza de 

vida media.  Y lo hemos podido hacer gracias a contar con el modelo de PAM que se 

inició con un trabajo que forma parte de la presente tesis. La inmunosenescencia 

prematura detectada en los PAM se acompaña con una menor esperanza de vida que la de 

los NPAM de la misma edad cronológica (Guayerbas et al., 2002a,c, Guayerbas,2003; 

Guayerbas y De la Fuente, 2003; Álvarez, 2006; Alvarado, 2006).  

En este modelo de PAM, cuya inmunosenescencia prematura se debe a un 

prematuro estrés oxidativo e inflamatorio, la ingestión de dietas con cantidades 

apropiadas de antioxidantes han demostrado que pueden “rejuvenecer” la edad biológica 

y consecuentemente, aumentar la longevidad (Guayerbas, 2003; Alvarado, 2006; Álvarez, 

2006). En la presente tesis también se ha comprobado el efecto positivo que la ingestión 

de antioxidantes tiene en la función inmunitaria de los PAM.  

Por todo lo indicado, y aún teniendo en cuenta las controversias sobre los efectos 

beneficiosos o nocivos de los antioxidantes, la propuesta es que si bien ingerir una dieta 

con alimentos que contengan antioxidantes es incuestionablemente positivo para la 

función inmunitaria, los suplementos pueden también serlo, dependiendo de la cantidad 

de antioxidantes, el tiempo de ingestión, la edad y el estado de salud del individuo. Si la 

capacidad funcional inmunitaria se acepta como un excelente marcador de salud, y la 

ingestión apropiada de antioxidantes mejora esta capacidad, podríamos plantear la 

ingestión de dietas con antioxidantes, con todas las precauciones ya mencionadas, como 

una herramienta útil para conseguir una longevidad saludable.    

  

 



 

 

   

  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
5. CONCLUSIONES 
 

“La vida es el arte de sacar conclusiones suficientes a partir de 

datos insuficientes”.  

Samuel Butler (novelista inglés: 1835-1902). 

 

“All aspects of aerobic life involve free radicals and antioxidants-

you cannot escape them, nor should you wish to”.  

Barry Halliwell (2006).  (Bioquímico inglés. Universidad Nacional 

de Singapur)  
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 De los resultados obtenidos, como respuesta a los objetivos planteados, en la 

presente tesis se deducen las siguientes conclusiones: 

1. Los antioxidantes ácido ascórbico (en rango de concentraciones de 0,005 a 1 mM), 

vitamina E (de 0,005 a 0,01 mM), glutatión (de 0,5 a 5 mM), N-acetil cisteína y 

tioprolina (en rango de 0,1 a 1 mM) estimulan in vitro las funciones del proceso 

fagocítico, esto es, adherencia, movilidad espontánea y dirigida (quimiotaxis), 

fagocitosis y niveles de anión superóxido, de macrófagos peritoneales de ratones 

adultos. 

 

2. Los antioxidantes que contienen sulfuro como el glutatión (en rango de 0,5 a 5 

mM), la N-acetilcisteína y tioprolina (de 0,1 a 1 mM) y la taurina (de 4 a 40 mM) 

estimulan in vitro diversas funciones de los linfocitos de ganglios axilares, bazo, 

timo y peritoneo de ratones adultos,  como la adherencia, la movilidad espontánea, 

la quimiotaxis y la proliferación, tanto basal como en respuesta al mitógeno 

Concanavalina A. También aumentan la viabilidad de estas células en cultivo. 

 

3. El antioxidante N-acetilcisteína, en un rango de concentraciones de 0,001 a 2,5 

mM, mejora in vitro las funciones del proceso fagocítico de macrófagos 

(adherencia, quimiotaxis, fagocitosis y niveles de anión superóxido), y la 

adherencia y quimiotaxis de linfocitos peritoneales de ratones viejos, asemejando 

los valores de las mismas a los de los animales adultos.  

 

4. Los antioxidantes glutatión y tioprolina a las concentraciones de 5 y 1 mM, 

respectivamente, mejoran in vitro la movilidad espontánea,  la quimiotaxis y la 

proliferación en respuesta al mitógeno Concanavalina A, de linfocitos de ganglios 

axilares, bazo y timo de ratones viejos, asemejando los valores de dichas funciones 

a los que tienen los ratones adultos. También mejoran la viabilidad de estas células 

en cultivo. 
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5. Los antioxidantes  tioprolina y N-acetilcisteina a concentración 1mM y el ácido 

ascórbico y vitamina E a 0,005 mM, estimulan  in vitro la actividad NK de células 

de ganglios axilares, bazo, timo y peritoneo, de ratones jóvenes, adultos, maduros y 

viejos. 

 

6. La ingestión por cobayas de vitamina E en la dieta, en cantidades más altas que las 

habituales, de 1500 mg/kg, en comparación con otras dietas conteniendo una 

cantidad intermedia de 150 mg/kg o baja cantidad de 15 mg/kg, durante 5 semanas, 

mejora una serie de funciones de macrófagos y linfocitos peritoneales y la 

proliferación de linfocitos esplénicos. 

 

7. La ingestión de una dieta con 0,1 % p/p de N-acetilcisteina y tioprolina durante 5 

semanas estimula una serie de funciones de los macrófagos peritoneales de ratones 

adultos de las cepas Swiss y BALB/c, como la adherencia, quimiotaxis, fagocitosis 

y secreción de IL-1β, hecho que sucede de forma más significativa en los ratones 

Swiss. 

 

8. La ingestión de dietas con 0,1 % y 0,3 % de N-acetilcisteina y tioprolina durante  4 

semanas por ratones Swiss adultos y viejos estimula una serie de funciones de 

macrófagos peritoneales y de linfocitos del peritoneo, de ganglios axilares, bazo y 

timo, siendo más efectiva la de 0,1% en los animales adultos y la de 0,3% en los 

viejos.  

 

9. La ingestión de una dieta suplementada con 0,07% p/p de tioprolina durante 5 

semanas por ratones Swiss viejos asemeja los valores de la movilidad espontánea y 

dirigida (quimiotaxis), de la proliferación en respuesta a Concanavalina A, de la 

citotoxicidad celular dependiente de anticuerpos y de la actividad NK de leucocitos 

de bazo y timo, a los que tienen los animales adultos.  
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10. Los ratones Swiss viejos que realizan la exploración  de un laberinto en T de forma 

“lenta” tienen unas funciones en las células inmunitarias de peritoneo, ganglios 

axilares, bazo y timo más deterioradas que las de los ratones que realizan la 

exploración de forma “rápida”. 

 

11. En los ratones Swiss y BALB/c viejos que realizan de forma “lenta” la exploración 

del laberinto en T y que han sido denominados PAM (del inglés: prematurely 

aging mice), y en los que la hacen de forma “rápida” o NPAM (non prematurely 

aging mice), la ingestión de una dieta suplementada con 0,1 % p/p de N-

acetilcisteina y tioprolina durante 5 semanas, mejora las quimiotaxis, proliferación 

y actividad NK de leucocitos de ganglios axilares, bazo y timo, asemejando sus 

valores a los de los animales adultos. Esta mejoría es más significativa en los 

PAM.  

 

12. La ingestión de una dieta suplementada con polifenoles durante 15 y 30 semanas 

en ratones maduros y viejos, respectivamente, mejora las funciones de macrófagos 

y linfocitos peritoneales deterioradas por la edad. 

 

13. La ingestión de un suplemento de vitamina C (1g/día) y vitamina E (200 mg/día) 

durante 16 semanas por mujeres septuagenarias sanas, con depresión y cardiopatía 

coronaria, mejora la capacidad funcional de neutrófilos y la proliferación de 

linfocitos de sangre periférica, disminuyendo los niveles de peroxidación lipídica 

sérica. Los efectos son más marcados en las mujeres con patologías, que parten de 

peores valores antes de la suplementación. 

 

14. La ingestión de un suplemento de vitamina E (200 mg/día) durante 3 meses por 

hombres y mujeres septuagenarios mejora toda una serie de funciones de 

neutrófilos y linfocitos de sangre periférica  (adherencia, quimiotaxis, fagocitosis, 

niveles de anión superóxido, proliferación, secreción de IL-2 y actividad NK), 

asemejando los valores de las mismas a los de los hombres y mujeres adultos. Los 
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efectos positivos se mantienen en algunas funciones tras 6 meses de finalizar la 

suplementación. 

 

15. La ingestión de un suplemento de vitamina C (500 mg/día) y de vitamina C (500 

mg/día) y vitamina E (200 mg/día) durante 3 meses por hombres y mujeres 

septuagenarios mejora las funciones de neutrófilos y linfocitos de sangre periférica, 

asemejando los valores de las mismas a los de los adultos. El efecto, que fue 

similar en la suplementación sólo de vitamina C o en la conjunta con vitamina E, 

permaneció al menos 6 meses después de finalizar la suplementación en algunas 

funciones.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 
 
 

CONCLUSIÓN GENERAL 
 
 

“If we could give every individual the right amount of 

nourisment and exercise, not too little and not too much, we 

World have found the safest way to health”.  

Hipócrates (460-377 antes de Cristo). 

 

 

 

 

 

 

 

 

 

 

De los resultados obtenidos se desprende que la ingestión de algunos antioxidantes, como 

los estudiados de la presente tesis, en cantidades apropiadas, favorece una mejor función 

de las células inmunitaria, por una acción directa sobre las mismas, tanto en la edad 

adulta como, especialmente, al envejecer. Esto supone una mejor capacidad defensiva 

frente a infecciones y cánceres a lo largo de la vida. Además, dado el carácter de 

marcador de salud y edad biológica, así como de predicción de longevidad que poseen las 

funciones inmunitarias estudiadas y el deterioro inmunitario que tiene lugar al avanzar la 

edad, esa ingestión de antioxidantes podría permitir una mayor y más saludable 

longevidad. 

 



 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

6. BIBLIOGRAFÍA 
(Utilizada en la Introducción y Discusión de la Tesis) 

 

“Toda nuestra ciencia, contrastada con la realidad es primitiva y 

pueril; y, sin embargo, es lo más valioso que tenemos”.  

Albert Einstein (físico: 1879-1955). 

 

“Se cometen menos errores usando datos incorrectos que no 

empleando dato alguno”.  

Charles Babbage (1792-1871). Matemático inglés 
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!!!!!! 7. ANEXO 
 

A. ARTÍCULOS PUBLICADOS 
 

 
“Nuestra)recompensa)se)encuentra)en)el)esfuerzo)y)no)en)el)
resultado.)Un)esfuerzo)total)es)una)victoria)completa”.))
Mahatma) Gandhi) (1869A1948).) Pensador) y) político) de) la)
India.)
)
)
“Pensar) sin) aprender) es) esfuerzo) perdido;) aprender) sin)
pensar,)peligroso”.)Confucio)(551A479)a.C.).)Pensador)chino.)
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ARTICULO 1 
 
IMPROVEMENT BY SEVERAL ANTIOXIDANTS OF 
MACROPHAGE FUNCTION IN VITRO 
 
Del Rio, M., Ruedas, G., Medina, S., Victor, V.M., De la Fuente, M 
 
Life Sciences.63: 871-881, 1998 
 
Índice de Impacto en 1998: 1,937 
Índice de impacto en 2013: 2,296 
Índice de Impacto 5 años: 2,538 
 

 
RESUMEN 
 
Objetivo: Estudiar el efecto in vitro de una serie de antioxidantes a 

diferentes concentraciones en las funciones del proceso fagocítico de macrófagos 
peritoneales de ratones adultos. 

Material y Métodos: Se utilizan células inmunitarias peritoneales de ratones 
BALB/c adultos (17±3 semanas de edad). Los antioxidantes estudiados y las 
concentraciones utilizadas son: el ácido ascórbico (AA) (0,005, 0,1 y 1 mM), la 
vitamina E (VE) (0,005 y 0,01 mM), el glutatión (GSH) (0,5, 2,5 y 5 mM), la N-
acetilcisteína (NAC) (0,1, 0,5 y 1 mM) y la tioprolina o ácido tiazolidín carboxílico 
(TCA) (0,1, 0,5 y 1 mM). Las funciones analizadas son: adherencia a sustrato, 
migración espontánea y dirigida por un gradiente químico (quimiotaxis), 
fagocitosis de partículas inertes y niveles de anión superóxido en células no 
estimuladas y estimuladas con partículas inertes. 

Resultados: La movilidad espontánea, la quimiotaxis, la fagocitosis y los 
niveles de anión superóxido en macrófagos aumentan tras incubar la suspensión 
peritoneal con todos los antioxidantes y, en general, a todas las concentraciones y 
especialmente con las más elevadas. La adherencia se aumenta únicamente con el 
AA y la VE a todas las concentraciones estudiadas, hecho que sucede  a tiempos 
cortos de 10 y 20 minutos de incubación. 

Conclusiones: Los antioxidantes estudiados producen una estimulación de 
los macrófagos peritoneales de ratón en la edad adulta, activando in vitro las 
diferentes etapas del proceso fagocítico que llevan a cabo estas células.  
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ARTÍCULO 2 
 
SULFUR-CONTAINING ANTIOXIDANTS INCREASE IN 
VITRO SEVERAL FUNCTIONS OF LYMPHOCYTES  
FROM MICE  
 
De la Fuente, M., Hernanz, A., Viniegra, S., Miquel J.   
 
Internacional Immunopharmacology 11(6): 661-669. 2011.  
 
Índice de Impacto en 2011: 2,376 
Índice de Impacto en 2013: 2,711 
Índice de Impacto (5 años): 2,409 

 
RESUMEN 
 
Objetivo: Estudiar el efecto in vitro de una serie de antioxidantes sulfurados 

(antioxidantes tiólicos y generadores de grupos tiólicos), a diferentes concentraciones, en 
las funciones de linfocitos de ratones de edad adulta.  

Material y Métodos: Se utilizan leucocitos mononucleares de ganglios axilares, 
bazo y timo, así como linfocitos  peritoneales de ratones BALB/c adultos (17±3 semanas de 
edad). Los antioxidantes estudiados y la concentración utilizada en cada uno de ellos han 
sido: el glutatión (GSH) (0,5, 2,5 y 5 mM), la tioprolina (TP) y la N-acetilcisteína (NAC) 
(0,1, 0,5 y 1 mM), y la taurina (4, 20 y 40 mM). Los efectos de todas estas concentraciones 
fueron analizados en la proliferación espontánea y en respuesta al mitógeno concanavalina 
A (ConA), de los linfocitos de ganglios axilares, bazo y timo. Las concentraciones 
mayores, de las antes indicadas, fueron utilizadas para estudiar su efecto sobre la viabilidad 
de esos linfocitos, a lo largo de 72 horas de cultivo, así como en la movilidad espontánea y 
la dirigida (quimiotaxis) de linfocitos de los tres órganos inmunitarios y del peritoneo. 
También se estudió el efecto de la mezcla de las concentraciones menores y mayores de 
NAC y TP en la quimiotaxis de linfocitos del peritoneo. El efecto de las concentraciones 
mayores de GSH, TP y NAC se analizaron en la adherencia de linfocitos peritoneales 
incubados de 10 a 60 minutos. Los niveles de GSH intracelulares en linfocitos de los 
órganos inmunitarios tras incubación durante 3 horas con 5mM de GSH fueron también 
analizados. 

Resultados: Los antioxidantes estimulan la proliferación de los linfocitos de 
ganglios axilares, bazo y timo, tanto la espontánea como la mediada por Con A, siendo el 
efecto más significativo con las concentraciones mayores utilizadas, especialmente con las 
del GSH y apareciendo el bazo como el órgano inmunitario en donde se dan los mayores 
estímulos. Todos los  antioxidantes aumentan significativamente la viabilidad de los 
linfocitos de los tres órganos inmunocompetentes estudiados, lo que se aprecia para algunos  
ya desde las 4 h de incubación. La movilidad espontánea y la quimiotaxis son estimuladas 
significativamente por las concentraciones mayores de todos los antioxidantes. En 
linfocitos del peritoneo la combinación de NAC y TP a la concentración menor (0,1 mM) y 
mayor (1 mM) de las estudiadas estimula  la quimiotaxis, especialmente con esta última, no 
produciéndose ningún efecto con las concentraciones menores por separado. La adherencia 
de linfocitos peritoneales aumentó significativamente a los 10 min de incubación con los 
antioxidantes. 

Conclusiones: Los antioxidantes estudiados estimulan in vitro la funcionalidad de 
los linfocitos de ratones adultos. Parte de ese efecto podría deberse a su capacidad de 
aumentar la viabilidad de estas células al aumentar los niveles de GSH intracelular. 
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ARTICULO 3 
 
THE ANTIOXIDANT N-ACETYLCYSTEINE IN VITRO 
IMPROVES SEVERAL FUNCTIONS OF PERITONEAL 
LEUKOCYTES FROM OLD MICE APPROACHING 
THEIR VALUES TO THOSE OF ADULT ANIMALS 
 
De la Fuente, M., Hernanz, A.  
 
 Journal of Applied  Biomedicine. 10: 79-90.2012. 
 
Índice de Impacto en 2012: 1,933 
Índice de Impacto en 2013: 1,775 
Índice de Impacto (5 años): 1,964 

 
RESUMEN 

 
Objetivo: Estudiar el efecto in vitro de un amplio rango de concentraciones 

del antioxidante  N-acetilcisteína (NAC) en las funciones del proceso fagocítico de 
los macrófagos, así como en las funciones que comparten con los linfocitos, la 
adherencia y la quimiotaxis, en células peritoneales procedentes de ratones 
cronológicamente viejos, y comprobar si la presencia de NAC aproxima los valores 
de tales funciones a los obtenidos en células controles de ratones adultos.  

Material y Métodos: Se utilizan células inmunitarias peritoneales de ratones 
BALB/c viejos  (78±2 semanas de edad) y adultos (18±2 semanas) como controles 
de edad. Las concentraciones de NAC que se han estudiado in vitro han sido 0.001, 
0,01, 0,1, 1 y 2,5 mM, y  las funciones analizadas fueron la adherencia a sustrato y 
la movilidad dirigida por un gradiente químico (quimiotaxis) en macrófagos y 
linfocitos. En los macrófagos además se han completado las funciones del proceso 
fagocítico, esto es, la fagocitosis de partículas inertes (tanto el índice de fagocitosis 
como la eficacia fagocítica) y los niveles de anión superóxido (tanto en leucocitos 
no estimulados como estimulados con partículas inertes), indicadores de la 
capacidad digestiva.  

Resultados: Las funciones estudiadas se encuentran deterioradas en las 
células inmunitarias peritoneales de los ratones viejos, con mayores capacidades de 
adherencia y menores de quimiotaxis y fagocitosis, en comparación con las mismas 
en los animales adultos.  La presencia de NAC disminuye la adherencia en 
macrófagos y en linfocitos, con las concentraciones mayores estudiadas (0,1 mM a 
2,5 mM) y a los tiempos cortos de incubación. Este anioxidante estimula la 
quimiotaxis en macrófagos con todas las concentraciones de NAC, a excepción de 
la menor estudiada, y la capacidad de fagocitosis en las células de los animales 
viejos con las concentraciones de 0,01 a 1 mM, especialmente con esta última. En 
todos los casos los valores se aproximan a los que muestran las células de animales 
adultos. NAC aumenta los niveles de anión superóxido a las concentraciones de 0,1 
y 1 mM, pero no modifica los niveles de quimiotaxis en los linfocitos peritoneales. 

Conclusiones: La NAC produce una mejoría de las diferentes etapas del 
proceso fagocítico de los macrófagos y de la adherencia de los linfocitos 
peritoneales de ratones viejos, asemejando, en general, los valores de las funciones 
estudiadas a los que presentan las células de animales adultos. 
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ARTICULO 4 
 
AN UPDATE OF THE OXIDATION-INFLAMMATION 
THEORY OF AGING. THE INVOLVEMENT OF THE 
IMMUNE SYSTEM IN OXI-INFLAMM-AGING 
 
De la Fuente, M., Miquel, J. 

 
Current Pharmaceutical Design. 15: 3003-3026, 2009 
 
Índice de impacto en 2009: 4,414 
Índice de Impacto en 2013: 3,288 
Índice de Impacto (5 años): 3,931 

 
RESUMEN 
 
Objetivo: Estudiar el efecto in vitro de dos antioxidantes sulfurados, el glutatión y 

la tioprolina, en funciones, como la movilidad y la respuesta proliferativa, de linfocitos de 
ratones viejos, y comprobar si la presencia de esos antioxidantes podría asemejar las 
funciones estudiadas, las cuales se deterioran al envejecer, a como se encuentran en células 
de animales adultos. 

Material y Métodos: Se utilizan leucocitos de ganglios axilares, bazo y timo de 
ratones Swiss viejos (82±2 semanas de edad) y adultos (22±2 semanas). Las funciones 
analizadas han sido: la migración, tanto espontánea como dirigida por un gradiente químico 
(quimiotaxis), y  la respuesta proliferativa de linfocitos al mitógeno concanavalina A 
(ConA), y los antioxidantes estudiados y las concentraciones utilizadas in vitro en las 
células de los animales viejos han sido: glutatión (GSH) (5 mM) y la tioprolina (TP) (1 
mM). La viabilidad de los linfocitos de los tres órganos inmunocompetentes a lo largo de 
72 horas de cultivo, en presencia de los antioxidantes fue también estudiada en las células 
de los ratones viejos. 

Resultados: La movilidad espontánea, la quimiotaxis y la respuesta proliferativa al 
mitógeno ConA de los linfocitos de ganglios axilares, bazo y timo de ratones viejos se 
encuentra significativamente disminuida respecto a los valores obtenidos en esas funciones 
en los animales adultos. La presencia de GSH y de TP, a las concentraciones estudiadas de 
5 y 1 mM, respectivamente, estimula todas las funciones estudiadas, aproximando sus 
valores a los obtenidos en adultos. Esos valores se  igualan a los mismos  en el caso de la 
movilidad espontánea de bazo y timo, así como  en la respuesta proliferativa de bazo (en el 
caso del GSH) y de timo (con los dos antioxidantes), superando los valores de adultos en el 
caso de la TP en leucocitos de bazo. Tanto el GSH como la TP estimulan 
significativamente la viabilidad de los leucocitos de bazo y timo desde las 4 horas de 
cultivo y la de los de ganglios desde las 48 horas. El GSH lo hace prácticamente en todos 
los órganos desde la primera hora de cultivo. 

Conclusiones: Los antioxidantes GSH y TP estimulan in vitro funciones relevantes 
(movilidad y proliferación) de los linfocitos de tres órganos inmunocompetentes como el 
timo, el bazo y los ganglios axilares, obtenidos de ratones cronológicamente viejos, 
funciones que se encuentran deterioradas respecto a las mismas en los animales adultos. La 
presencia de los antioxidantes asemeja los valores de dichas funciones a los propios de 
animales adultos. Una posible vía de actuación de los antioxidantes podría ser el mejor 
mantenimiento de la viabilidad de las células en cultivo. 
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ARTICULO 5 
 
EFFECT IN VITRO OF SEVERAL ANTIOXIDANTS ON 
THE NATURAL KILLER FUNCTION OF AGING MICE 
 
Fernández M.D., Correa, R., Del Rio, M., De la Fuente, M. 
 
Experimental Gerontology.34: 675-685, 1999 
 
Índice de Impacto en 1999: 1,762 
Índice de Impacto en 2013: 3,529 
Índice de Impacto (5 años): 3,797 

 
 
RESUMEN 
 
Objetivo: Estudiar el efecto in vitro de una serie de antioxidantes en una 

función tan relevante como lo es la actividad natural killer (NK) frente a células 
tumorales, de leucocitos de ratones de diferentes edades: jóvenes, adultos, maduros 
y viejos.  

Material y Métodos: Se utilizan leucocitos mononucleares de ganglios 
axilares, bazo, timo y peritoneo de ratones BALB/c jóvenes (8±2 semanas de 
edad), adultos (24± 2 semanas), maduros (48± 2 semanas) y viejos (72± 2 
semanas). Los antioxidantes estudiados y la concentración utilizada en cada uno de 
ellos han sido: la vitamina E (VE) (0,005 mM), el ácido ascórbico (AA) (0,005 
mM), la N-acetilcisteina (NAC) (1 mM) y la tioprolina (1 mM). La actividad 
citotóxica NK ha sido estudiada frente a una línea tumoral murina (YAC-1) 
mediante la valoración de la actividad  de la enzima lactato deshidrogenasa en el 
sobrenadante de los cultivos de las células mononucleares y las tumorales, tras 4 
horas de incubación en presencia de los antioxidantes. 

Resultados: La actividad NK de los leucocitos se encuentra más activada en 
células de ratones adultos, estando, en general, las de los animales mayores, pero 
también las de los jóvenes, con valores menores de esta actividad. Los 
antioxidantes estimulan la actividad NK en las células procedentes de las diferentes 
localizaciones, siendo el timo donde realizan más efecto y el peritoneo donde 
menos, y a todas las edades estudiadas, aunque no se alcanzan diferencias 
estadísticamente significativas en algunos casos.   

Conclusiones: Los antioxidantes estudiados producen una estimulación de la 
actividad antitumoral NK, lo que es muy relevante, especialmente en la vejez, 
momento en el que esta capacidad se encuentra muy disminuida y en la que se 
presenta una mayor incidencia de neoplasias. 
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ARTICULO 6 
 

CHANGES IN MACROPHAGE AND LYMPHOCYTE 
FUNCTIONS IN GUINEA-PIGS AFTER DIFFERENT 
AMOUNTS OF VITAMIN E INGESTION 
 
De la Fuente, M., Carazo, M., Correa, R., Del Rio, M. 
 
British Journal of Nutrition 84:25-29, 2000 
 
Índice de Impacto en 2000: 2,415 
Índice de impacto en 2013: 3,342 
Índice de Impacto (5 años): 3,235 
 
 
RESUMEN 
 
Objetivo: Comprobar el efecto que la ingestión, durante 5 semanas, de una dieta con 
diferentes cantidades de vitamina E (bajas, medias, altas) produce en varias funciones de 
macrófagos y linfocitos de cobayas jóvenes.  
 
Material y Métodos: Se utilizaron 21 cobayas jóvenes (de 8 semanas de edad) que 
fueron distribuidas en tres grupos. Uno recibió una dieta con 15 mg/kg de dieta de 
vitamina E (baja), otro de 150 mg/kg de vitamina E (media, usada como control) y otro 
1500 mg/kg de vitamina E (alta) durante 5 semanas. En macrófagos obtenidos del 
peritoneo se estudiaron diversas funciones del proceso fagocítico (quimiotaxis, ingestión 
de partículas y niveles de anión superóxido). En linfocitos se analizaron la capacidad de 
quimiotaxis (en los peritoneales) y la proliferación, tanto espontánea como en respuesta a 
fitohemaglutinina (PHA), en los linfocitos de bazo. 
 
Resultados: Con respecto a la dieta con 150 mg/kg de vitamina E (la media), utilizada 
como control, la dieta con dosis baja de vitamina E produjo una disminución de la 
quimiotaxis y de los niveles de anión superóxido y un aumento de la fagocitosis en 
macrófagos. Por su parte, con la dosis alta se obtuvo un aumento de la quimiotaxis de 
macrófagos y de la respuesta linfoproliferativa a la PHA. La dieta con alta cantidad de 
vitamina E, respecto a la de baja cantidad estimuló la quimiotaxis de macrófagos y 
linfocitos, los niveles de anión superóxido y la proliferación de los linfocitos. 
 
Conclusiones: Una dieta suplementada con niveles mayores que los habituales de 
vitamina E parece ser beneficiosa para las funciones inmunológicas en animales jóvenes. 
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ARTICULO 7 
 
CHANGES IN SEVERAL FUNCTIONS OF MURINE 
PERITONEAL MACROPHAGES BY N-ACETYLCYSTEINE 
AND THIOPROLINE INGESTION. COMPARATIVE EFFECT 
BETWEEN TWO STRAINS OF MICE 
 
Blanco, B., Ferrández, M.D., Correa, R., Del Rio, M., Guaza, C., Hernanz, A., De 
la Fuente, M 
 
BioFactors 10: 179-185, 1999. 
 
Índice de Impacto en 1999 (1995): 2,611 
Índice de Impacto en 2013: 3,00 
Índice de Impacto (5 años): 3,03 
 
 
 
RESUMEN 
 
Objetivo: Estudiar el efecto de la ingestión de una dieta suplementada con dos 
antioxidantes como la N-acetilcisteina (NAC) y la tioprolina (TP), durante 5 semanas en 
diversas funciones de macrófagos de ratones adultos de dos cepas, una singénica como es 
la BALB/c y otra no singénica, la OF1-Swiss.  
 
Material y Métodos: Se han utilizado ratones Swiss y BALB/c adultos (28 semanas de 
edad) que habían ingerido durante 5 semanas una dieta suplementada conjuntamente con 
N-acetilcisteina (NAC) y tioprolina (TP) al 0,1% p/p de cada uno de ellos. En la 
suspensión peritoneal de estos animales se han estudiado diferentes funciones del proceso 
fagocítico (adherencia a sustratos, movilidad dirigida por un gradiente químico o 
quimiotaxis, ingestión de partículas inertes y niveles de anión superóxido) así como la 
liberación de la citoquina IL-1β. 
 
Resultados: La dieta suplementada con NAC+TP aumenta todas las funciones estudiadas 
con excepción de los niveles de anión superóxido, los cuales disminuyeron. Estos efectos 
fueron más relevantes en los macrófagos de ratones Swiss que de BALB/c. En los 
macrófagos de esta cepa BALB/c no se encontraron diferencias en la adherencia y en los 
niveles de anión superóxido y los aumentos de la capacidad de fagocitosis y en la 
liberación de IL-β fueron menores que en la otra cepa. 
 
Conclusiones: La capacidad funcional de los macrófagos peritoneales de ratones adultos 
puede estimularse con la ingestión de una dieta suplementada con antioxidantes como la 
NAC y TP a la dosis de 0,1%, especialmente en la cepa Swiss. 
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ARTICULO 8 
 
THE AMOUNT OF THIOLIC ANTIOXIDANT INGESTION 
NEEDED TO IMPROVE THE IMMUNE FUNCTIONS IS 
HIGHER IN AGED THAN IN ADULT MICE 
 
De la Fuente, M., Miquel, J., Catalán, M.P., Victor, V.M., Guayerbas, N. 
 
Free Radical  Research 36: 119-126. 2002 
 
Índice de Impacto en 2002: 2,523 
Índice de Impacto en 2013: 2,989 
Índice de Impacto (5 años): 2,833 
 
RESUMEN 
 
Objetivo: Comprobar el efecto de la ingestión durante 4 semanas de una dieta 
suplementada con dos diferentes cantidades (0,1% p/p y 0,3% p/p) de dos antioxidantes 
como la tioprolina (TP) y la N-acetilcisteina (NAC), sobre diferentes funciones de 
macrófagos y linfocitos de ratones adultos y viejos.  
Material y Métodos: Se han utilizado ratones hembras de la cepa Swiss adultas (33±1 
semana de edad) y viejas (75±1 semana de edad). En ambas edades los animales se 
dividieron en dos grupos, uno recibió una dieta suplementada con TP + NAC (0,1% p/p 
de cada uno de los antioxidantes) durante 4 semanas previas a la obtención de los 
leucocitos. Otro grupo ingirió durante el mismo tiempo una dieta suplementada con 0,3 % 
p/p de TP+NAC. Las funciones estudiadas fueron, en macrófagos peritoneales la 
capacidad de adherencia, de quimiotaxis, de fagocitosis y de digestión (niveles de anión 
superóxido intracelulares), así como la liberación de radicales libres (superóxido 
extracelular). En linfocitos del peritoneo se estudió la capacidad de adherencia y de 
quimiotaxis, y en los de ganglios axilares, bazo y timo, la quimiotaxis y la respuesta 
proliferativa al mitógeno concanavalina A (Con A). En leucocitos de ganglios axilares, 
bazo y timo se analizó la actividad  “natural killer” (NK).   
Resultados: La ingestión de 0,1 % de los antioxidantes en los animales adultos estimuló 
una serie de funciones como la quimiotaxis de macrófagos y linfocitos, la fagocitosis y la 
capacidad digestiva de macrófagos, la respuesta linfoproliferativa al mitógeno Con A y la 
actividad NK. Además, no hubo cambios en la adherencia y el anión superóxido 
extracelular disminuyó. Por el contrario el suplemento de la dieta con esta cantidad de 
antioxidantes en los animales viejos no modificó las funciones inmunitarias estudiadas, 
con la excepción de la actividad NK que fue estimulada. La ingestión de 0,3 % de los 
antioxidantes en ratones adultos sólo aumentó funciones como la adherencia o los niveles 
de anión superóxido, las cuales son marcadores de oxidación, mientras que otras 
funciones como la quimiotaxis o la respuesta linfoproliferativa disminuyeron. No 
obstante, la ingestión de estas mayores cantidades de antioxidantes por los animales 
viejos aumentó la fagocitosis, la actividad NK y especialmente la respuesta proliferativa a 
Con A, funciones muy deprimidas en la vejez. 
Conclusiones: Las cantidades de antioxidantes que se pueden ingerir con la dieta para 
mejorar la función inmunitaria son más elevadas en la vejez que en la edad adulta, 
posiblemente debido al mayor estrés oxidativo que hay en el envejecimiento y que 
subyace en la inmunosenescencia.  
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ARTICULO 9 
 
ENHANCEMENT OF LEUKOCYTE FUNCTIONS IN AGED 
MICE SUPPLEMENTED WITH THE ANTIOXIDANT 
THIOPROLINE 
 
De la Fuente, M., Ferrández, M.D., Del Rio, M., Burgos, M.S., Miquel, J. 
 
Mechanisms of  Ageing and Development  104: 213-225, 1998. 
 
Índice de Impacto en 1998:1,583 
Índice de impacto en 2013: 3,510 
Índice de Impacto (5 años): 4,022 
 
 
RESUMEN 
 
Objetivo: Comprobar si suplementar la dieta con el antioxidante tioprolina durante 5 
semanas puede mejorar una serie de funciones de los leucocitos en ratones viejos de la 
cepa Swiss, así como disminuir el estrés propio de la vejez. El planteamiento se hizo en 
base a que en un trabajo previo se había comprobado que la ingestión de una dieta 
suplementada con ese antioxidante durante 37 semanas estimulaba diversas funciones de 
linfocitos en ratones viejos. 
Material y Métodos: Se han utilizado ratones hembras Swiss viejas (81±2 semanas, 20  
meses, de edad), los cuales ingirieron durante 5 semanas una dieta suplementada con el 
antioxidante tioprolina (0,07% p/p). En paralelo se han utilizado ratones del mismo sexo 
y cepa adultos (con 52±1 semanas, 12 meses, de edad). En los leucocitos de bazo y timo, 
se ha estudiado la movilidad espontánea y la dirigida (quimiotaxis), la capacidad 
linfoproliferativa al mitógeno Concanavalina A, así como la citotoxicidad celular 
dependiente de anticuerpos (ADCC) y la actividad NK. También se analizaron los niveles 
de corticosterona sérica en estos animales. 
Resultados: Todas las funciones estudiadas se encontraban disminuidas en lo leucocitos 
de animales viejos en relación a los adultos. La ingestión de tioprolina durante 5 semanas 
estimuló significativamente todas esas funciones, acercando sus valores a los de las 
mismas en los ratones adultos, siendo similares a estos en el caso de la movilidad 
espontánea de timo y en la ADCC de bazo. La corticosterona sérica se encuentra elevada 
en los animales viejos en relación a los adultos y disminuye significativamente tras la 
ingestión de la dieta suplementada con tioprolina.  
Conclusiones: La ingestión durante 5 semanas de una dieta suplementada con tioprolina 
estimula varias funciones de leucocitos que se encuentran deterioradas en ratones viejos, 
acercándolas  a los valores de las mismas en adultos. Esta mejoría funcional a nivel 
inmunitario se relaciona con una disminución del grado de estrés emocional típico de la 
vejez, al presentar los animales suplementados niveles menores de corticosterona sérica. 
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ARTICULO 10 
 
RELATION BETWEEN EXPLORATORY ACTIVITY AND 
IMMUNE FUNCTION IN AGED MICE. A PRELIMINARY 
STUDY 
 
De la Fuente, M., Miñano, M., Victor, V.M., Del Rio, M., Ferrández, M.D., Díez, 
A., J. Miquel. 
 
Mechanisms of  Ageing and Development  102: 263-277, 1998. 
 
Índice de Impacto en 1998: 1,583 
Índice de impacto en 2013: 3,510 
Índice de Impacto (5 años): 4,022 
 
RESUMEN 
 
Objetivo: Previos estudios habían mostrado que la rápida exploración de un laberinto en 
T por ratones maduros podía dar una idea de la longevidad que alcanzaran los mismos. 
En base a la comunicación que existe entre el sistema nervioso y el inmunitario, a la 
influencia que ambos tienen en el envejecimiento del organismo y al deterioro que 
experimentan al avanzar la edad, en el presente trabajo se planteó estudiar de forma 
comparativa la respuesta conductual de exploración del laberinto en T y diferentes 
funciones de las tres células inmunitarias más representativas, los macrófagos, los 
linfocitos y las natural killer (NK) en animales viejos.  
Material y Métodos: Se han utilizado ratones hembras Swiss viejas (76±1 semana de 
edad). Los animales, a los 11 meses de edad y de forma individual, realizaron la prueba 
exploratoria del laberinto en T, una vez por semana y cada dos semanas, durante cuatro 
veces. Al finalizar ese periodo los animales se dividen en dos grupos, uno con un 100% 
de animales que han completado todas las veces el recorrido del brazo largo del laberinto 
en 20 segundos o menos, son los denominados “rápidos”. Otro grupo constituido por 
animales que en todas las pruebas han efectuado el recorrido de dicho brazo en más de 20 
segundos, los cuales son denominados “lentos”. Una vez clasificados fueron sacrificados 
y se obtuvo la suspensión peritoneal, así como los ganglios axilares, el bazo y el timo. 
Las funciones inmunitarias estudiadas fueron, en macrófagos y linfocitos peritoneales la 
adherencia, la movilidad espontánea y dirigida (quimiotaxis), la ingestión de partículas 
por los macrófagos y los niveles de anión superóxido; en los leucocitos de los órganos se 
analizaron la movilidad, la respuesta linfoproliferativa al mitógeno concanavalina A y la 
actividad NK.  
Resultados: Las funciones inmunitarias estudiadas estaban más estimuladas en los 
ratones “rápidos” que en los “lentos” de su misma edad, llegando en muchas de ellas a 
diferencias estadísticamente significativas. 
Conclusiones: Ratones del mismo sexo y con  la misma edad, que realizan de forma 
diferente la prueba exploratoria del laberinto en T, muestran un diferente estado 
inmunitario. Los ratones “lentos” se proponen como un modelo de inmunosenescencia 
prematura en ratones.  
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ARTICULO 11 
 
MURINE MODELS OF PREMATURE AGEING FOR THE 
STUDY OF DIET-INDUCED IMMUNE CHANGES: 
IMPROVEMENT OF LEUCOCYTE FUNCTIONS IN TWO 
STRAINS OF OLD PREMATURELY AGEING MICE BY A 
DIETARY SUPPLEMENTATION WITH SULPHUR-
CONTAINING ANTIOXIDANTS 
 
De la Fuente, M. 
 
Proceedings of Nutrition  Society  69: 651-659, 2010 
 
Índice de impacto en 2010: 3,925 
Índice de Impacto en 2013: 4,937 
Índice de Impacto (5 años): 3,925 
 
RESUMEN 
 
Objetivo: En estudios previos se había observado que ratones adultos, pero  prematuramente 
envejecidos, los cuales mostraban una inmunosenescencia, mejoraban varias funciones de los 
linfocitos tras la ingestión de una dieta enriquecida en dos antioxidantes que aumentan los niveles  
de glutatión, la tioprolina (TP) y la N-acetilcisteina (NAC). Esto tenía lugar tanto en ratones de la 
cepa Swiss como BALB/c, pero los efectos fueron mayores en la primera. En el presente trabajo se 
ha querido estudiar si esa misma dieta suplementada con TP+NAC podría mejorar la funcionalidad 
de linfocitos en ratones prematuramente envejecidos, pero cronológicamente viejos, de ambas 
cepas, y si se podrían recuperar los valores funcionales propios de la edad adulta. 
Material y Métodos: Ratones hembras de la cepa Swiss y de la cepa BALB/c cronológicamente 
viejos (76±2 semanas de vida) fueron utilizados, habiendo sido previamente clasificados en 
prematuramente envejecidos (PAM) y no prematuramente envejecidos (NPAM). Los ratones 
viejos PAM y NPAM de ambas cepas ingirieron durante 5 semanas antes del sacrificio una dieta 
enriquecida con tioprolina (TP) y N-acetilcisteina (NAC) (0,1% p/p de cada antioxidante), son los 
PAMA y NPAMA, o bien una dieta estandar de mantenimiento, son los controles (PAMC y 
NPAMC). Un grupo de ratones de ambas cepas de edad adulta (24±2 semanas) fueron utilizados 
como controles de edad. Se estudiaron en linfocitos de ganglios axilares, bazo y timo las siguientes 
funciones: la capacidad de movilidad dirigida o quimiotaxis, la respuesta linfoproliferativa, tanto 
espontánea como frente al mitógeno concanavalina A, la actividad NK y la liberación de 
interleuquina-2 (IL-2). 
Resultados: Los ratones viejos manifiestan una mayor inmunosenescencia que los adultos, y los 
PAM están aún más envejecidos inmunológicamente que los NPAM. La ingestión de la dieta 
suplementada con TP+NAC mejoró significativamente las funciones tanto en NPAM como 
especialmente en PAM, acercando los valores de las funciones estudiadas a los de los adultos. 
Estos efectos se apreciaron en las dos cepas, siendo más significativos para unas funciones en la 
Swiss y para otras en la BAB/c.  
Conclusiones: La ingestión de una dieta durante 5 semanas suplementada con antioxidantes que 
son precursores del glutatión, como la NAC y la TP, restaura la deteriorada función linfoide de 
ratones cronológicamente viejos, tanto en los prematuramente envejecidos como los que no lo 
están y tanto en ratones de la cepa Swiss como de la BAB/c, acercándola a los valores de animales 
adultos. 
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ARTICULO 12 
 
IMPROVEMENT OF LEUCOCYTE FUNCTIONS IN MATURE 
AND OLD MICE AFTER 15 AND 30 WEEKS OF DIET 
SUPPLEMENTATION WITH POLYPHENOLS-RICH 
BISCUITS  
 
De la Fuente, M., Medina, S., Baeza, I., Jimenez, L 
 
European Journal of Nutrition 50 (7): 563-573. 2011. 
 
Índice de Impacto en 2011: 2,75 
Índice de Impacto en 2013: 3,840 
Índice de Impacto (5 años): 3,185 
 
 
RESUMEN 
 
Objetivo: Comprobar el efecto de una dieta suplementada con cuatro tipos de galletas 
elaboradas con cereales ricos en polifenoles e ingerida durante 15 y 30 semanas sobre la 
capacidad funcional de leucocitos peritoneales de ratones maduros y viejos, 
respectivamente.  
Material y Métodos: Se han usado 5 grupos de ratones hembras ICR (CD-1), cuatro de 
ellos recibieron una dieta con un 20% de cuatro diferentes tipos de galletas hechas de 
fracciones de cereales ricos en polifenoles y denominadas CO49, CO50, CO52 y CO53. 
El quinto grupo recibió una dieta estándar (control). Tras 15 y 30 semanas de ingerir esas 
dietas, cuando los animales eran maduros (49±2 semanas de edad) y viejos (64±2 
semanas), respectivamente,  sin sacrificar a los animales, se obtuvo la suspensión 
peritoneal y en sus leucocitos se analizaron las siguientes funciones: adherencia y 
quimiotaxis de macrófagos y linfocitos, fagocitosis de partículas inertes por macrófagos, 
capacidad digestiva (niveles intracelulares de anión superóxido), respuesta 
linfoproliferativa en cultivo con los mitógenos concanavalina A (con A) y 
lipopolisacarido (LPS) bacteriano, así como la secreción de interleuquina 2 (IL-2) y de 
factor de necrosis tumoral alfa (TNF-a), respectivamente en dichos cultivos. La actividad 
antitumoral natural killer (NK) también fue estudiada.  
Resultados: Las dietas suplementadas con los cuatro tipos de galletas con cereales ricos 
en polifenoles, en general, aumentan las funciones que disminuyen con la edad como la 
quimiotaxis, la fagocitosis, los niveles de anión superóxido intracelular, la respuesta 
linfoproliferativa a mitógenos, la IL-2 y la actividad NK. Aquellas funciones que 
aumentan al envejecer fueron, sin embargo, disminuidas tras la ingestión de las dietas, 
como sucede con la adherencia y la liberación de TNF-alfa. Estos efectos se manifiestan 
tras 15 semanas de ingestión de las dietas, pero las 30 semanas fue, para algunas 
funiones, un periodo más efectivo.  
Conclusiones: La ingestión de dietas enriquecidas en antioxidantes polifenólicos 
modulan la función inmunitaria en el envejecimiento, mejorándola significativamente. 
Como los parámetros analizados son marcadores de salud y longevidad, el ingerir 
cantidades apropiadas de polifenoles en la dieta podría ser un sistema apropiado para 
mantener una buena salud en la vejez. 
 



!

! !

 
ARTICULO 13 
 
IMMUNE FUNCTION IN AGED WOMEN IS IMPROVED BY 
INGESTION OF VITAMINS C AND E 
 
De la Fuente, M., Ferrández, M.D., Burgos, M.S. Soler, A., Prieto, A.,  Miquel, J. 
 
Canadian  Journal of  Physiology and  Pharmacolology  76: 373-380, 1998 
 
Índice de Impacto en 1998: 1,175 
Índice de Impacto en 2013: 1,55 
Índice de Impacto (5 años): 1,65 
 
 
RESUMEN 
 
Objetivo: Comprobar si en mujeres mayores, tanto sanas como con patologías 
relacionadas con la edad, la ingestión de un suplemento de vitamina C conjuntamente con 
vitamina E puede mejorar la funcionalidad de sus células inmunitarias, así como 
disminuir su estado oxidativo y el estrés emocional.  
Material y Métodos: Se han estudiado 30 mujeres de 72±6 años de edad, 10 sanas, 10 
con depresión y 10 con un enfermedad coronaria, las cuales ingirieron durante 4 meses un 
suplemento de 1000 mg/día de vitamina C y 200 mg/día de vitamina E.  Antes de iniciar 
ese suplemento y al finalizar el mismo se extrajo sangre periférica y se analizaron los 
siguientes parámetros: los niveles de peroxidación lípidica (malondialdehido) y cortisol 
en suero,  la adherencia a endotelio, la quimiotaxis, la fagocitosis y los niveles de anión 
superóxido de neutrófilos, así como la capacidad de proliferación, tanto basal como al 
mitógeno fitohemaglutinina (PHA), de los linfocitos.  
Resultados: La ingestión del suplemento de vitaminas durante esos cuatro meses produjo 
en los neutrófilos una estimulación de las funciones estudiadas y una disminución en sus 
niveles de anión superóxido, y en los linfocitos un aumento de su capacidad de 
proliferación. También, la toma de vitamina C y E se siguió de una disminución de los 
niveles de malondialdehido y de cortisol. Esto se dio tanto en las mujeres sanas como, 
especialmente, en las que presentaban una patología, las cuales parten de una peor 
función inmunitaria, mayor peroxidación y niveles de cortisol. 
Conclusiones: La ingestión de antioxidantes como las vitaminas C y E por mujeres con 
una  edad media de 72 años permite mejorar su función inmunitaria y disminuir su estrés 
oxidativo y emocional. Esos efectos son mayores en aquellas que se encuentran peor en 
los  aspectos analizados por presentar alguna patología. Por ello la toma, al menos 
durante 4 meses, de estos antioxidantes puede mejorar la salud y servir de prevención 
para enfermedades muy frecuentes en la vejez. 
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ARTICULO 14 
 
VITAMIN E INGESTION IMPROVES SEVERAL IMMUNE 
FUNCTIONS IN ELDERLY MEN AND WOMEN  
 
De la Fuente, M., Guayerbas,N., Victor, VM., Hernanz, A., Arnalich F 
 
Free Radical Research. 42: 272-280, 2008. 
 
Índice de Impacto en 2008: 2,826 
Índice de Impacto en 2013: 2,989 
Índice de Impacto (5 años): 2,833 
 
 
RESUMEN 
 
Objetivo: Comprobar si en personas mayores, tanto hombres como mujeres,  funciones 
relevantes de las células inmunitarias de sangre periférica como neutrófilos, linfocitos y 
células NK, se encuentran deterioradas respecto a personas adultas, y si tomar un 
suplemento de vitamina E durante 3 meses puede mejorar dichas funciones, 
asemejándolas a como se encuentran en personas adultas. También se quiso comprobar si 
6 meses después de finalizar el periodo de la toma del suplemento se seguían 
manteniendo los efectos de la misma en las funciones estudiadas.  
Material y Métodos: Se ha estudiado un grupo de 33 personas (15 hombres y 18 
mujeres) de 70,4±5,1 años de edad. Este grupo experimental ingirió un suplemento de 
vitamina E de 200 mg/día, durante 3 meses. Antes de iniciar la toma del suplemento, a los 
3 meses (cuando finalizó la misma) y 6 meses después (sin ingerir suplemento 
vitamínico), se recogieron muestras de sangre periférica en las que se analizó la 
capacidad de adherencia de los polimorfonucleares neutrófilos y los mononucleares 
Posteriormente se aislaron estas células inmunitarias estudiándose en las mismas la 
capacidad de quimiotaxis, fagocitosis de partículas inertes y los niveles de anión 
superóxido en los neutrófilos, y la quimiotaxis, la respuesta proliferativa al mitógeno 
fitohemaglutinina (PHA) y la producción de interleuquina 2 (IL-2) en los linfocitos. 
También se analizó en la fracción de células mononucleares la actividad citotóxica de las 
células NK frente a una línea de células tumorales humanas. En paralelo, a lo largo del 
estudio, se analizaron esos mismos parámetros en 30 adultos (15 hombres y 15 mujeres). 
Resultados: En hombres y mujeres mayores las funciones inmunitarias estudiadas se 
encontraban deterioradas respecto a las mismas en personas adultas. La toma durante 3 
meses de un suplemento de vitamina E (200 mg/día) mejoró significativamente todos los 
parámetros funcionales estudiados, tanto en hombres como en mujeres, asemejando los 
valores de las funciones a las de los adultos. Estos efectos no perduraron tras 6 meses sin 
la ingestión de suplemento con el antioxidante en algunas de las funciones, pero sí en 
otras. 
Conclusiones: Tomar un suplemento de vitamina E, en una cantidad moderada como es 
200 mg/día y durante un periodo de 3 meses, es capaz de mejorar el sistema inmunitario 
de las personas de setenta años, tanto hombres como mujeres, asemejándolo al que 
muestran las personas de treinta. Esta mejoría permanece para algunas funciones 6 meses 
tras la finalización de dicha toma, pero no en todas, por lo que sería recomendable no 
superar ese tiempo sin ingerir un  nuevo suplemento. 
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ARTICULO 15 
 
VITAMIN C AND VITAMIN C PLUS E IMPROVE THE 
IMMUNE FUNCTION IN THE ELDERLY  
 
De la Fuente, M., Arnalich F. Hernanz, A. 
 
The Journal of Nutrition, Health &Aging. Enviado. 
 
Índice de Impacto en 2015: 2,996 
 
RESUMEN 
 
Objetivo: Comprobar si en personas mayores, tanto hombres como mujeres,  funciones relevantes 
de las células inmunitarias de sangre periférica como neutrófilos, linfocitos y células NK, que se 
encuentran deterioradas con respecto a su estado en personas adultas, pueden mejorar tomando un 
suplemento de vitamina C durante 3 meses y así asemejarse a como se encuentran en adultos. 
También se quiso comprobar si los efectos en las funciones estudiadas se podrían mantener 6 
meses después de finalizar el periodo de la toma del suplemento. Además, comprobar si la 
ingestión conjunta de vitamina C y de una cantidad de vitamina E, que en un trabajo previo resultó 
ser beneficiosa en este contexto, producía una mayor mejoría. 
Material y Métodos: Se ha estudiado un grupo de 44 personas (24 mujeres y 20 hombres) 
septuagenarios. Este grupo experimental se dividió en dos, uno de los cuales  ingirió un 
suplemento de vitamina C de 500 mg/día y el otro los 500 mg/día de C y 200 mg/día de vitamina 
E durante 3 meses. Antes de iniciar la toma de los suplementos, a los 3 meses (cuando finalizó la 
misma) y 6 meses después (sin ingerir suplemento vitamínico), se recogieron muestras de sangre 
periférica en las que se analizó la capacidad de adherencia de los polimorfonucleares neutrófilos y 
los mononucleares. Posteriormente se aislaron estas células inmunitarias estudiándose en las 
mismas la capacidad de quimiotaxis, fagocitosis de partículas inertes y los niveles de anión 
superóxido en los neutrófilos, y la quimiotaxis, la respuesta proliferativa al mitógeno 
fitohemaglutinina (PHA) y la producción de interleuquina 2 (IL-2) en los linfocitos. También se 
analizó en la fracción de células mononucleares la actividad citotóxica de las células NK frente a 
una línea de células tumorales humanas. En paralelo, a lo largo del estudio, se analizaron esos 
mismos parámetros en 30 personas (15 hombres y 15 mujeres) adultas, de treinta años. 
Resultados: En hombres y mujeres mayores las funciones inmunitarias estudiadas, las cuales se 
encontraban deterioradas al comparar con las mismas en personas adultas, mejoraron 
significativamente, tanto en hombres como en mujeres, tras la ingestión de un suplemento de 
vitamina C de 500 mg/día durante 3 meses. Estos efectos perduraron tras 6 meses sin tomar el 
suplemento vitamínico en algunas de las funciones, pero no en otras. El efecto de un suplemento 
con esa misma cantidad de vitamina C y 200 mg/día de vitamina E durante esos mismos 3 meses 
supuso también una mejoría de las funciones estudiadas asemejándolas a los valores de las mismas 
en adultos, pero los efectos fueron similares a los encontrados con la ingestión sólo de vitamina C.  
Conclusiones: Tomar un suplemento de vitamina C, o de esta vitamina conjuntamente con la E, en 
cantidades moderadas y durante un periodo de sólo 3 meses, es capaz de mejorar el sistema 
inmunitario de las personas mayores, tanto hombres como mujeres, asemejándolo al que muestran 
los adultos. Esta mejoría permanece para algunas funciones 6 meses tras la finalización de la toma 
del suplemento. Estos efectos sugieren la utilización de estas suplementaciones en personas 
mayores para conseguir una longevidad saludable.  
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B. TRABAJOS DE REVISIÓN  
 

“La ciencia consiste en sustituir el saber que parecía seguro por una 

teoría, o sea, por algo problemático”. José Ortega y Gasset (1883-1955). 

Filosofo español. 

 
 Los resultados obtenidos en la presente tesis, juntos con otros que forman parte 

de otras tesis doctorales y de licenciatura realizadas en nuestro grupo de investigación,  

han permitido llevar a cabo varias revisiones. Se adjuntan a continuación únicamente las 

publicadas en revistas internacionales con índice de impacto que no recogen datos 

concretos pertenecientes a otras tesis doctorales del grupo de investigación. 

 Dos de las revisiones que se incluyen ya han sido recogidas como Artículo 4 y 

Artículo 11, pero en los apartados correspondientes sólo se han comentado los datos 

originales que aparecen en el manuscrito. Aquí se indicará lo que aporta en sí cada una de 

las revisiones. 

 Las revisiones recogidas son las siguientes: 

1. De la Fuente, M. “Effects of antioxidants on immune system ageing”. Eur. J. Clin. 
Nutr. 56: S5-S8. 2002. 

2. De la Fuente, M. “The immune system as a marker of health and longevity”. Antiaging 
Medicine. 1: 31-41. 2004. 

3. Viveros, MP., Arranz, L., Hernanz, A., Miquel, J. and De la Fuente, M. “A model of 
premature ageing in mice based on altered stress-related behavioural response and 
immunosenescence”. Neuroimmunomodulation. 14: 157-162. 2007. 

4. De la Fuente, M. “ Role of neuroimmunomodulation in aging“ 
Neuroimmunomodulation. 15: 213-223. 2008. 

5. De la Fuente, M and Miquel, J. “An update of the oxidation-inflammation theory of 
aging. The involvement of the immune system in oxi-inflamm-aging“. Current Pharm 
Design. 15 (26):3003-3026. 2009. 

6. De la Fuente, M and Gimenez-Llort, L. “Models of Aging of 
Neuroimmunomodulation: Strategies for its Improvement”. Neuroimmunomodulation. 
17 (3): 213-216. 2010. 

7. De la Fuente, M. “Murine models of premature ageing for the study of diet-induced 
immune changes. Improvement of leukocyte functions in two strains of old prematurely 
ageing mice by dietary supplementation with sulphur-containing antioxidants “.Proc. 
Nutr. Soc.69: 651-659. 2010. 

8. De la Fuente, M. “The Immune System, a Marker and Modulator of the Rate of 
Aging”. In: “Immunology of Aging”. Massoud, A.,  Rezaei, N.(eds). Chapter 2. Pp: 3-
23. Springer-Verlag Berlin Heidelberg 2014. ISBN 978-3-642-39494-2. ISBN 978-3-
642-39495-9 (eBook). DOI 10-1007/978-3-642-39495-9. 
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REVISIÓN 1 
 
 
EFFECTS OF ANTIOXIDANTS ON IMMUNE SYSTEM 
AGEING 
 
De la Fuente, M 
 
European  Journal of  Clinical  Nutrition 56: S5-S8. 2002.  
 
Índice de Impacto en 2002: 1,943 
Índice de Impacto en 2013: 2,95 
Índice de Impacto (5 años): 2,76 
 
 
RESUMEN 
 
Se revisan las aportaciones científicas, incluidas las de nuestro grupo de 
investigación,  que apoyan que las funciones inmunitarias, las cuales se deterioran 
al envejecer como consecuencia del estrés oxidativo (desequilibrio entre la 
producción de oxidantes y de defensas antioxidantes, a favor de los primeros) que 
tiene lugar al avanzar la edad, pueden ser preservadas de dicho deterioro por la 
ingestión de antioxidantes en la dieta. Así, dado que tales funciones inmunitarias 
son buenos marcadores de salud y esperanza de vida, su adecuado mantenimiento 
en la vejez mediante una  nutrición apropiada en antioxidantes podría tener un 
papel importante para conseguir un envejecimiento saludable. 
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REVISIÓN 2 
 
THE IMMUNE SYSTEM AS A MARKER OF HEALTH AND 
LONGEVITY 
 
 
De la Fuente, M 
 
Antiaging Medicine. 1: 31-41. 2004. 
 
Índice de Impacto: No tiene 
 
 
RESUMEN 
 
Se perfila en mayor medida el papel del sistema inmunitario como marcador de 
salud y predictor de longevidad. Se proponen una serie  de  funciones de las 
células inmunitarias como marcadores de “edad biológica”, y se  incide en la 
ingestión de  antioxidantes como  un sistema eficaz para mejorar la función 
inmunitaria. Además, en base a resultados obtenidos en ratones, ese 
“rejuvenecimiento” del sistema inmunitario por los antioxidantes, acompañado de 
una mayor longevidad,  acredita la propuesta de la teoría de la oxidación-
inflamación del envejecimiento y el uso de parámetros funcionales leucocitarios 
como marcadores de salud y esperanza de vida.   
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REVISIÓN 3 
 
 
A MODEL OF PREMATURE AGING IN MICE BASED ON 
ALTERED STRESS-RELATED BEHAVIORAL RESPONSE 
AND IMMUNOSENESCENCE 
 
 
Viveros MP., Arranz, L., Hernanz, A., Miquel J., De la Fuente, M 
 
Neuroimmunomodulation 14:157-162. 2007.  
 
Índice de Impacto en 2009: 2,034 
Índice de Impacto en 2013: 1,779 
Índice de Impacto (5 años): 2,135 
 
 
 
RESUMEN 
 
Se revisan la aportaciones hechas por nuestro grupo de investigación en los 
ratones que llevaban a cabo una prueba exploratoria del laberinto en T de forma 
“lenta” y que han demostrado que tales animales, ya en la edad joven y adulta, 
presentan una inmunosenescencia prematura, pero también una conducta y una 
neuroquímica cerebral típica de animales cronológicamente viejos. Dado el claro 
envejecimiento prematuro del sistema nervioso e inmunitario  y la menor 
esperanza de vida de estos ratones en comparación con los de su misma edad y 
sexo que responden de forma “rápida” en el laberinto, se les da la denominación 
de “Prematurely Aging Mice” (PAM). Se establece así de forma clara un modelo 
de envejecimiento prematuro que se inició con el trabajo recogido en el artículo nº 
10 de la presente tesis (publicado en 1998). En esta revisión también se recogen, 
en una tabla resumen, además de los parámetros de función inmunitaria que se 
encuentran envejecidos prematuramente en los PAM respecto a los NPAM (Non 
Prematurely Aging Mice), los de estrés oxidativo y daño oxidativo a lípidos y 
ADN. Los PAM muestran niveles de oxidantes y compuestos inflamatorios 
aumentados y de defensas antioxidantes disminuidos, en comparación con los 
NPAM, y un mayor daño en sus biomoléculas. Se aporta también en dicha tabla 
los efectos que dietas con antioxidantes ejerce en todos los parámetros analizados 
de los PAM, tanto de función inmunitaria como de estrés oxidativo, indicándose 
cómo tales suplementos en la dieta permiten recuperar la adecuada funcionalidad 
y homeostasis redox de tales animales, permitiendo un aumento significativo en la 
esperanza de vida de los mismos. También se aportan datos originales sobre los 
niveles del antioxidante glutatión (GSH) y del marcador de daño oxidativo a 
lípidos, el malondialdehido (MDA), en cerebro y bazo de PAM y NPAM machos 
y hembras, comentándose el mayor estrés oxidativo que presentan los primeros.  
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REVISIÓN 4 
 
 
ROLE OF NEUROIMMUNOMODULATION IN AGING 
 
 
De la Fuente, M 
 
Neuroimmunomodulation. 15: 213-223. 2008.  
 
Índice de Impacto en 2009: 2,034 
Índice de Impacto en 2013: 1,779 
Índice de Impacto (5 años): 2,135 
 
 
RESUMEN 
 
Se recoge en esta revisión como el deterioro al envejecer en los sistemas 
homeostáticos, el sistema nervioso, el endocrino y el inmunitario, y en la 
comunicación entre ellos (comunicación neuroinmunoendocrina), hace que se 
vaya perdiendo la capacidad de mantenimiento de la homeostasis, lo que explica 
el mayor riesgo de morbilidad y mortalidad  que tiene lugar con el 
envejecimiento. Además, se plantea una idea original: la participación del sistema 
inmunitario en el proceso de envejecimiento. Esto se basa en el aumento de estrés 
oxidativo que experimentan las células inmunitarias  al avanzar la edad, 
especialmente las fagocíticas (células que se encuentran en todos los animales). 
Ese aumento de oxidantes puede acelerar el estrés oxidativo de todo el organismo 
y por tanto el envejecimiento general del mismo. La administración de 
antioxidantes, al disminuir dicho estrés oxidativo, permite mejorar el 
funcionamiento del sistema nervioso y del inmunitario  y consecuentemente 
aumentar la esperanza de vida de un individuo.  
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REVISIÓN 5 = ARTÍCULO 4 
 
AN UPDATE OF THE OXIDATION-INFLAMMATION 
THEORY OF AGING. INVOLVEMENT OF THE IMMUNE 
SYSTEM IN THE OXI-INFLAMM-AGING 
 
De la Fuente, M.,  Miquel J 
 
Current Pharmaceutical Design 15 (26):3003-3026. 2009. 
 
Índice de impacto en 2009: 4,414 
Índice de Impacto en 2013: 3,288 
Índice de Impacto (5 años): 3,931 
 
 
RESUMEN 
 
En esta revisión se plantea ya perfilada la teoría de la “oxidación–inflamación” del 
envejecimiento. Según esta teoría el envejecimiento es consecuencia del estrés oxidativo 
e inflamatorio crónicos (mayores niveles de oxidantes y compuestos inflamatorios que de 
antioxidantes y antiinflamatorios, siendo  la oxidación e inflamación procesos 
íntimamente relacionados) que tiene lugar en el organismo al envejecer. Este estrés 
oxidativo e inflamatorio afectará a todas las células, pero de manera especial a las de los 
sistemas reguladores, el sistema nervios, el endocrino y el inmunitario y a su 
comunicación. Por ello, con el paso del tiempo hay un peor mantenimiento de la 
homeostasis, esto es, de la salud y aparece mayor posibilidades de enfermar y morir. 
Además, en esta teoría se sugiere que el sistema inmunitario, al tener que producir 
oxidantes e inflamación para llevar a cabo su trabajo de defensa de lo extraño, puede, si 
no está bien regulado, a través de la sobre-activación de factores como el factor nuclear 
de transcripción kappa B (NFkB) (que media la expresión de oxidantes y compuestos 
inflamatorios) entrar en un circulo vicioso, o mejor espiral viciosa, que aumente el estrés 
oxidativo e inflamatorio del organismo. Se propone en esta revisión, por primera vez, el 
término “oxi-inflamm-aging” para describir lo que sucede al envejecer, y se explica como 
la participación del sistema inmunitario en la velocidad de envejecimiento de cada 
individuo puede ser de aplicación universal. Esto se hace en base a que las células 
inmunitarias que se activan al envejecer en lo referente a la producción de oxidantes son 
los fagocitos, los cuales, con diferentes características y denominaciones, se encuentran 
en todos los animales. Así, se sugiere que el sistema inmunitario pueda ser un 
instrumento utilizado por la naturaleza para acelerar el envejecimiento y la muerte de 
todos los individuos de una especie que ya no son útiles al mantenimiento de la misma y 
están envejecidos. La administración de antioxidantes se plantea como una estrategia que 
permite regular el estado redox e inflamatorio de las células inmunitarias y  de ese modo 
cortar el circulo vicioso antes mencionado, permitiendo una menor velocidad de 
envejecimiento y una mayor longevidad saludable. 
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REVISIÓN 6 
 
MODELS OF AGING OF NEUROIMMUNOMODULATION: 
STRATEGIES FOR ITS IMPROVEMENT 
 
De la Fuente, M. and Gimenez-Llort, L. 
 
Neuroimmunomodulation. 17 (3): 213-216. 2010 
 
Índice de Impacto en 2010: 2,642 
Índice de Impacto en 2013: 1,779 
Índice de Impacto (5 años): 2,135 
 
RESUMEN 
 
Se revisan una serie de modelos de envejecimiento prematuro propuestos por 
nuestro grupo de investigación (individuos con ansiedad, soledad, pérdida de 
estrógenos,..), y estudiados en población humana y en animales de 
experimentación,  en los que se demuestra la prematura alteración del sistema 
nervioso (en los animales valorado mediante pruebas de conducta) y del 
inmunitario y, consecuentemente de su comunicación,  así como la presencia de 
un estrés oxidativo e inflamatorio, lo cual es seguido, en el caso de los ratones, de 
una temprana mortalidad. Además, se recoge cómo una serie de estrategias de 
estilo de vida como la ingestión de adecuadas cantidades de antioxidantes, la 
realización de ejercicio físico moderado y el enriquecimiento ambiental, las cuales 
mejoran la función y estado redox de las células inmunitarias  en esos individuos 
con envejecimiento prematuro, así como la conducta de los animales de 
experimentación. Así, se sugiere que tales estrategias pueden hacer más lento el 
envejecimiento y aumentar su longevidad.  
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REVISIÓN 7 = ARTÍCULO 11 
 
MURINE MODELS OF PREMATURE AGING FOR THE STUDY 
OF DIET-INDUCED IMMUNE CHANGES. IMPROVEMENT OF 
LEUKOCYTE FUNCTIONS IN TWO STRAINS OF OLD 
PREMATURELY AGEING MICE BY A DIETARY 
SUPPLEMENTATION WITH SULPHUR-CONTAINING 
ANTIOXIDANTS. 
 
De la Fuente, M. 
 
Proceedings of Nutrition  Society  69: 651-659, 2010 
 
Índice de impacto en 2010: 3,925 
Índice de Impacto en 2013: 4,937 
Índice de Impacto (5 años): 3,925 
 
 
RESUMEN 
 
 
En esta revisión se profundiza y amplia la idea de que una serie de funciones del 
sistema inmunitario son marcadores de salud, edad biológica y predicen la 
longevidad de cada individuo. También en que el estrés oxidativo e inflamatorio 
crónicos son la principal causa del envejecimiento y que el sistema inmunitario 
participa en la velocidad de envejecimiento.  Para demostrarlo están toda una serie 
de resultados del grupo de investigación en modelos animales de envejecimiento 
prematuro como: ratas y ratones ovariectomizados (para mimetizar el estado de 
menopausia por la pérdida de estrógenos), ratas obesas y ratones con ansiedad. 
Estos últimos, que constituyen el modelo más estudiado, son los PAM ya 
descritos en otros artículos y revisiones. Los PAM tienen una función inmunitaria, 
un estado redox y menor esperanza de vida que los NPAM del mismo sexo y edad 
cronológica. La administración de dietas con suplementadas con antioxidantes 
mejora el estado redox y la función inmunitaria de los PAM, así como su 
longevidad. 
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REVISIÓN 8 = CAPITULO DE LIBRO 
 
 
THE IMMUNE SYSTEM, A MARKER AND MODULATOR OF 
THE RATE OF AGING  
 
De la Fuente, M 
 
 
“Immunology of Aging”. Massoud, A.,  Rezaei, N.(eds). Chapter 2. Pp: 3-23. 
Springer-Verlag Berlin Heidelberg, 2014. 
 
 
RESUMEN 
 
Se recogen muchas de las ideas y propuestas antes expresadas en otras revisiones, 
ampliándolas y actualizándolas.  Este capítulo podría suponer una síntesis de lo 
avanzado en nuestro grupo de investigación en los últimos veinte años. Se puede 
destacar la utilidad de una serie de parámetros inmunitarios como marcadores de 
edad biológica y la participación del sistema inmunitario en la velocidad de 
envejecimiento. También la teoría de envejecimiento propuesta, la de oxidación-
inflamación y el término “oxi-inflamm-aging” para describir lo que sucede en el 
organismo al envejecer. En las estrategias de estilo de vida que pueden ser 
utilizadas para mejorar el sistema inmunitario al envejecer y consecuentemente 
conseguir un rejuvenecimiento de la edad biológica y una mayor longevidad 
saludable, se cita a la ingestión de antioxidantes. Esta estrategia, al igual que otras 
que se indican como la realización  de actividad física y el enriquecimiento 
ambiental, se sugiere que tiene el efecto beneficioso mencionado en base a su 
capacidad de generar “hormesis”.  
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The in vitro effects of several sulfur-containing antioxidants, such as glutathione (GSH), N-acetylcysteine
(NAC), thioproline (TP) and taurine (TAU), at different concentrations, on key functions of lymphocytes from
axillary nodes, spleen, thymus and peritoneum from young-adult BALB/c mice have been investigated. The
functions studied have been proliferation, both spontaneous and in response to the mitogen Concanavalin A,
mobility both spontaneous and directed to a chemical attractactant (chemotaxis) and adherence to substrate.
The effect of these antioxidants on the viability of leukocytes was also investigated. The results show an
antioxidant-induced stimulation of all the functions studied. The highest concentrations used of each
antioxidant were the most effective in proliferation (5 mM for GSH, 1 mM for TP and NAC and 40 mM for
TAU). These concentrations increase mobility significantly. The presence of TP+NAC enhances the
chemotaxis of peritoneal lymphocytes more than each antioxidant separately. The adherence capacity of
peritoneal lymphocytes also increased at 10 min of incubation with GSH, TP and NAC. All these antioxidants
increase the viability of leukocytes in culture, especially in cells from spleen. In conclusion, the sulfur-
containing antioxidants studied in vitro improve the functional capacity of lymphocytes from young-adult
mice and these results showing that the improvement of the immune response, and specifically of the
lymphocyte functions, found after ingesting diet supplemented with the antioxidants studied, are due to a
direct action of these compounds in the immune cells.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The immune function is specially linked to the release of reactive
oxygen species (ROS), the excess of which must be eliminated by
endogenous antioxidant defenses to prevent their harmful effects on
biomolecules [1,2]. In fact, the immune cells need to produce adequate
levels of ROS to carry out their defensive function, but an excess of ROS
can cause damage to immune cells. This is more evident due to the
membrane characteristics of these cells, which are very vulnerable to
oxidative damage [1]. For this reason, leukocytes use endogenous
antioxidants to perform their functions [3]. Any cell needs to maintain
a balance between the production of oxidants and the antioxidant
defenses, a redox balance, in order to prevent an excess of the first and
the resulting oxidative stress. This balance is even more essential to
preserve the functional capacity of immune cells and, therefore, the
health of the organism [1]. From the antioxidant compounds, we may
highlight those with sulfur-containing groups, both with a thiol group

in their molecules such as glutathione (GSH) and N-acetylcysteine
(NAC), or donors of this thiol group such as thioproline (TP) and
taurine (TAU).

Glutathione (GSH) is the most abundant non-protein thiol in
mammalian cells and it is considered essential for their survival. It
plays an important role in biological processes such as DNA synthesis,
enzymatic reactions, neurotransmitter release and detoxification [4].
Moreover, since GSH has relevant effects in the protection of proteins
and lipoproteins against the attack by oxygen free radicals, a deficit of
this thiolic antioxidant, or of thiol group donors, can lead to increased
lipid peroxidation with concomitant changes in membrane and
cellular functions [5]. On the contrary, an increase in the levels of
this compound reinforces the antioxidant protection and the cellular
function. Thus, GSH plays a major role in the preservation of the
intracellular redox state [6]. Therefore, an optimal immune response
will require adequate levels of GSH [7]. Moreover, a variety of
leukocyte functions, such as T-cell proliferation, among others, depend
on the levels of GSH [8], and its administration increases neutrophil
oxidative burst activity [9]. In previous studies we have observed that
GSH stimulates in vitro the different steps of the phagocytic process of
peritoneal macrophages from adult mice [10]. In addition, GSH
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stimulated the activity of several antioxidant enzymes such as catalase,
glutathione peroxidase and glutathione reductase in peritoneal
leukocytes from mice [11]. The role of GSH on apoptosis of immune
cells has been widely studied. In fact, human monocytic cells
submitted to apoptosis decreased their levels of GSH [12]. Similar
results have been obtained in lymphoid cells [13–15]. Moreover, T
lymphocytes are protected against apoptosis when they increase their
GSH levels [16] and the presence in vitro of GSH decreases the
incidence of programmed cell death of peritoneal leukocytes [11].

Thioproline (TP) (thiazolidine-4-carboxilic acid) is an antioxidant,
a product of the reaction of cysteinewith formaldehyde, that is present
in mitochondria and can be a source of free L-cysteine in the cell
[17,18]. Although it is known that cysteine and other thiol compounds
are able to modulate the immune response and that the extracellular
concentration of cysteine determines the intracellular levels of GSH
and thus affects the immune cell functions [18], the effect of TP on the
immune function has scarcely been studied. Other thiazolidin
derivates such as 2-methyl–thiazolidine-2,4,-dicarboxylic acid, the
product of condensation of L-cysteine and pyruvate, increases the
proliferation of a IL-2-dependent T cell line, the CTLL-2 cells [18]. In
previous studies we have shown that the supplementation of a diet
with TP improves the macrophage functions of prematurely aging
mice [19] as well as some leukocyte functions in oldmice [20,21]. TP in
vitro also improves, in leukocytes frommice, several functions, as well
as increasing the activity of antioxidant enzymes and decreasing the
programmed cell death [1,10,11,22,23].

N-acetylcyteine (NAC) is an antioxidant that acts as a GSH
precursor [24], but also neutralizes free radicals in a direct manner
[25]. The antioxidant action of NAC has been observed on immune
cells. Thus, the ingestion of a diet supplemented with NAC improves
several immune functions in prematurely ageing mice [26,27] and in
elderly women [28]. In addition, NAC modulates the functions of
immune cells from mice with endotoxic shock, a situation of high
oxidative stress, by inhibiting the activation of NFkB [29,30]. This
antioxidant increases in vitro several functions of peritoneal macro-
phages from adult mice in a similar way to GSH [10], and improves
lymphocyte functions of prematurely aging mice [26], as well as
increasing the activity of antioxidant enzymes in peritoneal leukocytes
of mice [11].

Taurine (TAU), a semi-essential amino acid that is not incorporated
into proteins, is ubiquitous in most mammalian cells, in which it is the
most abundant free amino acid in the heart, retina, skeletalmuscle and
leukocytes. It is produced by synthesis from cysteine, especially in the
liver, or by intake in the diet, and it has been proposed as an
antioxidant [31,32]. Because of this, TAU is present in high concentra-
tions in cells with oxidative stress such as leukocytes. TAU and its
chloramines seem to be relevant modulators of immunity, showing
down-regulation of the production of pro-inflammatory mediators, in
both rodent and human leukocytes, by inhibiting the activation of
NFkB [33]. In the immune cells, TAU is abundant in phagocytic cells
such as neutrophils, in which it provides protection against cytotoxici-
ty caused by overproduction of ROS [34], being relevant in these
leukocytes during septic processes [35]. Thus, it has been suggested
that the changes in intragranulocyte TAU levels are determinants of
the magnitude and quality of the immune response of these cells [36].
In fact, TAU improves the phagocytic capacity of neutrophils in vitro
[37]. The effects of TAU on lymphocytes have been scarcely studied.
TAU added in culture of lymphocytes from healthy infants protects
against DNA damage [38], and it can attenuate CD3/interleukin-2-
induced T cell apoptosis [39].

The results obtained in previous studies with diets supplemented
with TP and NAC, showing positive effects on activation of immune
cells from old and prematurely aging mice, were to be expected since
with aging there is oxidative stress and the ingestion of antioxidants,
in an appropriate amount, help to normalize the redox balance [1].
Although, in young animals the ingestion of antioxidants does not

seem necessary, we have observed that there is also an oxidative
stress situation in chronologically young mice since they can be
biologically older, and a diet supplemented with antioxidants can be
useful to their immune systems [1]. We have observed that
antioxidants such as GSH, TP and NAC increase in vitro several
macrophage functions and NK activity in cells from adult mice
[10,11,23]. Nevertheless, in lymphocytes the effects of these anti-
oxidants have been seldom studied. Therefore, the aim of the present
work was to investigate the effect in vitro of a range of GSH, TP, NAC
and TAU concentrations on relevant functions of lymphocytes from
mice.

2. Materials and methods

2.1. Animals

Female BALB/c mice (Harlan Ibérica, Spain), which were 8 weeks
old on arrival to our laboratory, were used. The mice were specific
pathogen free, as tested by Harlan according to FELASA recommenda-
tions. The animals were randomly divided into groups of 5, each
group being housed in a polyurethane box, at a constant temperature
(22±2 °C) under sterile conditions inside an aseptic air negative-
pressure environmental cabinet (Flufrance, Cachan France) with a 12/
12 h reversed light/dark cycle. All animals were fed Sander Mus (A04
diet from Panlab L.S Barcelona, Spain) pellets andwater ad libitum. The
diet was in accordance with the recommendations of the American
Institute of Nutrition for laboratory animals. Mice were treated
according to the guidelines of the European Community Council
Directives 86/6091 EEC.

2.2. Antioxidants

The following antioxidants: glutathione (GSH), thioproline (TP)
N-acetylcysteine (NAC) and taurine (TAU), all purchased from Sigma
(St.Louis,MO, USA),wereused. TheGSH,NAC and TAUwereBioXtra cell
culture tested and the TP≥99.0%pure byHPLC. The concentrationsused
were 0.5, 2.5 and 5 mM in the case of GSH; 0.1, 0.5 and 1 mM for TP and
NAC; and 4, 20 and 40 mM for TAU. The concentrations of GSH, TP and
NAC were based on those used in previous studies in vitro on leukocyte
functions [10,11,22,23]. In the case of TAU, since it reaches a high
concentration in leukocytes (up to 50 mM) [33], higher concentrations
of this antioxidant were used in the present study.

2.3. Experimental procedure

At 17±3 weeks of age, the mice were sacrificed by cervical
dislocation and peritoneal suspensions were obtained following the
methods described previously [26]. The suspension leukocytes,
mainly lymphocytes, macrophages and NK cells, were identified by
their morphology and quantified in Neubauer chambers using optical
microscopy (x40). Additionally, leukocyte counts were confirmed by
immunostaining and flow cytometry, with cells stained for expression
of CD11b (CALTAG Laboratories, Burlingame, USA), CD3, CD4, CD8,
CD14, CD19 and CD56 (BD Pharmingen, San Diego, CA). Briefly,
aliquots of the cellular suspensions were washed at 400 g for 10 min,
and adjusted to 3×105 leukocytes/ml in PBS with BSA 1% (Sigma, St
Louis, USA), which was used to reduce unspecific binding. Then, they
were centrifuged at 560 g for 10 min, the supernatants were
discarded, and 30 μl of single antibodies or 30 μl of mixture of
antibodies conjugated to different fluorochromes were added to each
tube. Isotype control antibodies were also analyzed. 30 μl of PBS-BSA
were added to blank tubes. Cells were incubated in the presence of the
antibodies for 30 min at 4 °C in the dark. Tubes were washed twice at
560 g for 5 min in PBS-BSA to remove the excess of free antibody.
Fluorescence was measured using a flow cytometer (FACSCalibur,
Becton Dickinson, Franklin lakes, USA) immediately after staining.
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Results were analyzed with Cell Quest Pro software (BD Biosciences,
San Jose, CA) and expressed as percentage of CD11b (macrophages),
CD19 (B lymphocytes), CD3CD4 (T helper), CD3CD8 (T cytotoxic) and
56 CD (NK) cells with regard to the total number of cells present in the
samples. The lymphocytes were counted and then adjusted to
5×105 lymphocytes/ml Hank's medium (Sigma) for studies of the
spontaneous and directed mobility (chemotaxis), as well as for the
adherence capacity of peritoneal lymphocytes. Then, axillary nodes,
spleen and thymus were removed aseptically and pressed gently
through a mesh screen (Sigma), obtaining a cell suspension that was
centrifuged to isolate the leukocytes of these organs. Samples of the
leukocyte suspensions from spleenwere used to carry out the count of
subpopulations using flow cytometry following the same above
method. All the samples were then adjusted to 1×106 leukocytes/ml
medium. A Hank's medium was used for studies of the adherence,
spontaneous and directed mobility (chemotaxis), and for the levels of
intracellular GSH. A RPMI 1640 medium (Gibco, Paisley, Scotland, UK)
supplemented with 10% fetal calf serum (FCS; Gibco), previously
inactivated by heat (30 min at 56 °C), and with gentamycin (10 mg/ml;
Gibco), was used for the proliferation assay and viability. In the spleen,
due to its high concentration of erythrocytes, a centrifugation in a
gradient of Urograph–Ficoll with a density of 1.070 was necessary to
isolate leucocytes. Cell viability, was analyzed by the trypan blue
exclusion test, being higher than 95% in all experiments. All the culture
media were free of endotoxin. The incubationswere performed at 37 °C
in a humidified atmosphere of 5% CO2. All themethodswere performed
using total leukocyte suspensions from peritoneum, spleen, axillary
nodes and thymus in order to better reproduce the in vivo conditions.

2.4. Lymphocyte proliferation

The proliferation of lymphocytes was studied using suspensions
adjusted to 1×106 leukocytes/ml supplemented medium from axillary
nodes, spleen and thymus following a method previously described
[40]. Aliquots of 200 μl of these suspensionswere seeded in 96-wellflat-
bottomed microtitre plates (Costar, Cambridge MA) and incubated in
the presence of GSH (0.5, 2.5 and 5 mM), TP (0.1, 0.5 and 1 mM), NAC
(0.1, 0.5 and 1 mM) and TAU (4, 20 and 40 mM), in presence of
concanavalin A (Con A) mitogen (1 μg/ml; Sigma) for the analysis of
mitogen-proliferative response orwithoutmitogen for the spontaneous
proliferation. After 48 h of incubation at 37 °C in an atmosphere
of 5% CO2, in order to measure proliferation a commercially available
5-bromo-2-deoxy-uridine (BrdU) ELISA labelling and detection kit was
used. The BrdU ELISA was performed according to the manufacturer's
instructions. Briefly, cells were pulsed with 20 μl of 110 μmol/l BrdU
solution during the last 24 h of culture and, thus, BrdUwas incorporated
into freshly synthesized DNA. Then, following fixation of cells, cellular
DNA was digested partially by nuclease treatment. Next, a peroxidase-
labelled antibody to BrdU that binds to BrdU was added. As a final step,
the peroxidase substrate was added, yielding a coloured reaction
product as a result of peroxidase enzyme activity. The absorbance of the
sample (measured at 405 nm, with a reference wavelength at 490 nm)
is directly correlated with the level of BrdU incorporated into cellular
DNA. The results were expressed as percentage of absorbance (Optical
Density, OD), giving the 100% value to the OD obtained in the
corresponding control samples (without antioxidants).

2.5. Lymphocyte mobility

The spontaneous mobility and the mobility directed to a
chemoattractant gradient (chemotaxis) were evaluated according to
the method previously described [26,40]. This consisted basically of
the use of chamberswith two compartments separated by a filter with

Fig. 1. Spontaneous proliferation (%) of lymphocytes of axillary nodes, spleen and
thymus from BALB/c mice in the presence of different concentrations of the
antioxidants glutathion (GSH: 0.5 mM, 2.5 mM and 5 mM), tioproline (TP: 0.1 mM,
0.5 mM and 1 mM), N-acetylcysteine (NAC: 0.1 mM, 0.5 mM and 1 mM) and taurine
(TAU: 4 mM, 20 mM and 40 mM). Each value is the mean±SD of ten experiments
performed in triplicate, with the value 100 being the optic density (OD) obtained in
control samples without antioxidants (0.096±0.019, 0.104±0.018 and 0.165±0.035
OD for axillary nodes, spleen and thymus, respectively). *pb0.05; **pb0.01, ***pb0.001
with respect to the corresponding control values.
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a pore diameter of 3 μm (Millipore, Madrid, Spain). Aliquots (300 μl)
of the different suspensions (adjusted to 1×106 leukocytes/ml in the
case of axillary nodes, spleen and thymus, and to 5×105 lymphocytes/
ml Hank's medium in peritoneum) were deposited in the upper
compartment. Aliquots (400 μl) of the chemoattractant f-met-leu-phe
(10−8mol/l) (chemotaxis) or of the corresponding medium only
(spontaneous mobility) were put into the lower compartment. The
antioxidants were added in the upper compartment at the following
concentrations: 5 mMof GSH, 1 mMof TP, 1 mMof NAC and 40 mMof
TAU. With the peritoneal suspension a parallel experiment was
carried out analyzing the effect on chemotaxis of 0.1 mM of TP and
0.1 mM of NAC, together and separately. The chambers were
incubated for 3 h and then the filters were fixed and stained. The
spontaneous mobility index (SMI) and the chemotaxis index (CI) was
determined by counting the number of lymphocytes in four scans of
5 mm each on the lower face of the filter using an optical microscope
(100×magnification lens).

2.6. Adherence capacity of peritoneal lymphocytes

For adherence capacity analysis we followed a method previously
described [26]. Briefly, aliquots of 200 ml of peritoneal leukocyte
suspension, adjusted to 5×105 lymphocytes/ml Hank's medium, were
placed in Eppendorf tubes and 20 ml of GSH (5 mM), TP (1 mM), NAC
(1 mM) or Hank's medium (controls) were added. At 10, 20, 30 and
60 min of incubation, aliquots of 10 ml from each sample were
removed after gently shaking to resuspend the sedimented cells, and
the number of nonadhered lymphocytes was determined in an optical
microscope using Neubauer chambers. The adherence index (A.I.) was
calculated according to the following equation:

A:I: = initial cells=ml−nonadherent cells=mlð Þ= initial cells=mlð Þ½ $

× 100:

2.7. Viability of lymphocytes

The cellular viability was determined using the trypan-blue
exclusion test. Aliquots of 200 μl of these suspensions adjusted to
1×106 leukocytes/ml supplemented medium, from axillary nodes,
spleen and thymus were seeded in 96-well flat-bottomed microtitre
plates (Costar, Cambridge MA) and incubated in the presence of GSH
(5 mM), TP (1 mM), NAC (1 mM) and TAU (40 mM) at 37 °C in an
atmosphere of 5% CO2. After 1, 4, 6, 24, 48 and 72 h of incubation the
viability of the cells in each well was determined. Aliquots of 10 ml
were obtained from eachwell after slight agitation, and put in another
plate, adding quickly 10 ml of trypan blue and mixing. In a Neubauer
chamber the number of dead cells (blue cells) and living cells (not
stained of blue) were counted and the results were expressed as the
percentage of living cells.

2.8. Total GSH levels

Total GSH levels were analyzed by the method of Tietze [41] with
some modifications [28]. Briefly, 1 ml aliquots of lymphocyte suspen-
sions (106cells/ml Hank's medium) from axillary nodes, spleen and
thymuswere centrifuged at 1200 g for 10 min at 4 °C three times, after
being incubated in the presence of 5 mM of GSH or medium only
(controls) for 3 h. Pelleted cells were resuspended in a medium
containing 5% trichroroacetic acid (TCA, Panreac, Spain) in 0.01 N HCl
(Panreac). Then, samples were sonicated and centrifuged at 3200 g
for 5 min at 4 °C. Aliquots of the supernatants were measured using
the following reaction mixture: 5,5 -dithiobis (2-nitrobenzoic acid)
(DTNB, 6 mM, Sigma), b-nicotinamide adenine dinucleotide phosphate,
reduced form (b-NADPH, 0.3 mM, Sigma), and glutathione reductase

Fig. 2. Proliferation response to the mitogen concanavalin A (%) of axillary nodes, spleen
and thymus lymphocytes from BALB/c mice in the presence of different concentrations of
the antioxidants glutathion (GSH: 0.5 mM, 2.5 mM and 5 mM), tioproline (TP: 0.1 mM,
0.5 mM and 1 mM), N-acetylcysteine (NAC: 0.1 mM, 0.5 mM and 1 mM) and taurine
(TAU: 4 mM, 20 mM and 40 mM). Each value is the mean±SD of ten experiments
performed in triplicate, giving the value 100 to the optic density (OD) obtained in control
samples without antioxidants (0.558±0.084, 0.592±0.075 and 0.179±0.056 OD for
axillary nodes, spleen and thymus, respectively). *pb0.05; **pb0.01, ***pb0.001 with
respect to the corresponding control values.
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(10 U/ml, Sigma). The change in absorbance was monitored at 412 nm
for 240 s, and the results were expressed as nanomoles per 106 cells.

2.9. Expression of the results and statistical analysis

The data are expressed as the mean±standard deviation (S.D.) of
the values from the number of experiments mentioned in the figures
and in the tables. Each value is the mean of the data from assays
performed in duplicate. The normality of the samples was confirmed
by the Kolmogorov-Smirnov test and the homogeneity of variances by
the Levene test. In the statistical study, the Student's t-test for paired
parametric data was used, being pb0.05 the minimum significant
level.

3. Results

3.1. Peritoneal and spleen leukocyte populations

Regarding peritoneal leukocyte populations, the percentages of
subpopulations were: 17±3 of macrophages (CD14), 10±2 of NK
cells (CD56) and 73±8 of lymphocytes (4±1 CD3CD4; 2,0±0,5
CD3CD8 and 67±9 CD19). In spleen leukocytes the percentages
were:1.5±0.4 of macrophages (CD14), 6.5±1.5 of NK cells (CD56)
and 92±15 of lymphocytes (19±4 CD3CD4; 2.0±0.8 CD3CD8 and
71±11 CD19).

3.2. Lymphoproliferation

The results of the effects of antioxidants on spontaneous prolifer-
ation of lymphocytes from axillary nodes, spleen and thymus are
shown in the Fig. 1. In axillary nodes and spleen all the concentrations
of the antioxidants increased this lymphocyte function significantly. In
thymus, with the lowest concentrations of TP and TAU there were no
significant effects. In general, the highest concentrations of each
antioxidant were the most effective. Thus, 5 mM and 2.5 mM GSH
produced a significant increase (pb0.001) in the three immune
organs. In the case of TP, 1 mM of this antioxidant was the most
effective concentration (pb0.001 in axillary nodes and spleen and
pb0.01 in thymus). The same occurred with NAC, 1 mM being the
concentrationwith the highest effect (pb0.001) in all the organs.With
TAU 40 mM was also the most effective concentration (pb0.001 in
axillary nodes and spleen and pb0.01 in thymus). The spleen is the
immune organ in which the highest significant effects were observed.

The results of the proliferation of lymphocytes from axillary nodes,
spleen and thymus in response to ConA are shown in Fig. 2. All the
antioxidant concentrations studied increased this proliferationwith the
exception of the lowest concentration of TAU (4 mM) in cells from
axillary nodes. In the three organs 5 mM GSH (pb0.001), 1 mM NAC
(pb0.001), 1 mMTP (pb0.001 in axillary nodes and spleen, and pb0.01
in thymus) and 40 mM TAU (pb0.001), were the concentrations
showing the highest statistical differences. The spleen is the organ in
which we observed the highest effects of antioxidants.

3.3. Mobility

The highest concentrations of each antioxidant were used in the
study of spontaneous and directed mobility (chemotaxis) of lympho-
cytes from axillary nodes, spleen, thymus and peritoneum. The results
of the spontaneous mobility index (SMI) are shown in Fig. 3. The SMI
increased significantly with all the antioxidants studied. In axillary

Fig. 3. Spontaneous mobility indexes (SMI) of axillary nodes, spleen, thymus and
peritoneum lymphocytes from BALB/c mice in the presence of 5 mM glutathion (GSH),
1 mM tioproline (TP), 1 mM N-acetylcysteine (NAC) and 40 mM taurine (TAU). Each
value is the mean±SD of ten experiments performed in duplicate. *pb0.05; **pb0.01,
***pb0.001 with respect to the corresponding control values.
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nodes TAU showed the highest significant difference with respect to
controls (pb0.01), the differences in the case of the other antioxidants
being pb0.05. In spleen GSH (pb0.001) and TP (pb0.01) increase SMI
more than NAC and TAU (pb0.05). In thymus TP (pb0.001), GSH and
TAU (pb0.01) showed higher differences with respect to the controls
than NAC (pb0.05). In peritoneum the four antioxidants showed
statistical differences (pb0.001) with the controls, being the immune
location in which the antioxidants are most effective.

The chemotaxis indexes (CI) are shown in Fig. 4. GSH was the most
effective antioxidant in general (pb0.001 in axillary nodes, thymus and
peritoneum, andpb0.01 in spleen). The thymus is the immune location
in which, in general, antioxidants were more effective. Table 1 shows
the results of CI using the lowest and the highest concentrations of TP
andNAC studied in the presentwork (0.1 mMand 1 mM, respectively),
separated and in combination. The results showed that no effect was
found with the smallest concentrations of TP and NACwhen they were
alone, but in combination (TP+NAC) a significant increase (pb0.05) of
chemotaxis was observed. The increase of chemotaxis with a combi-
nation of 1 mMof TP andNACwas higher (pb0.001) than thatwith this
concentration of the TP (pb0.05) or NAC (pb0.01) alone.

3.4. Adherence

The peritoneal lymphocyte adherence indexes are shown in Table 2.
After 10 min of incubation the three antioxidants increased the
adherence (pb0.01 for GSH and NAC and pb0.001 for TP). There were
no differences with the controls at the other times studied. In order to
rule out the possibility that the antioxidants attach themselves to the
tube surface and attract the lymphocytes, a group of control tubes was
pre-treated with the concentration of each antioxidant. There were no
significant differences between the pre-treated and the control tubes.

3.5. Viability

With regard to the viability of lymphocytes from axillary nodes,
spleen and thymus incubatedwith 5 mMofGSH, 1 mMof TP and ofNAC
and 40 mM of TAU, the results (Table 3) show an increase of the
percentage of viability with respect to controls. This enhanced viability
is significant statistically for all antioxidants in cells from the three
organs at 72 h of incubation (pb0.001 in all organs and with all
antioxidants, with the exception of NAC and TAU in spleen, pb0.05). At
48 h of incubation in axillary nodes all the antioxidants showed
statistical differences with the control (pb0.001), as well as in spleen
(pb0.001 for GSH and TP, pb0.01 for NAC and TAU),whereas in thymus
only GSH, TP and TAU (pb0.05) showed statistical differences. At 4, 6
and 24 h of incubation the differences were also statistically significant
depending of incubation time, antioxidant and immune organ studied.

Fig. 4. Chemotaxis indexes (CI) of axillary nodes, spleen, thymus and peritoneum
lymphocytes from BALB/c mice in the presence of 5 mM glutathion (GSH), 1 mM
tioproline (TP), 1 mM N-acetylcysteine (NAC) and 40 mM taurine (TAU). Each value is
themean±SD of ten experiments performed induplicate. *pb0.05; **pb0.01, ***pb0.001
with respect to the corresponding control values.

Table 1
Effect in vitro of TP and NAC (0.1 and 1 mM) on the chemotaxis index of peritoneal
lymphocytes from BALB/c mice.

Concentrations Controls TP NAC TP+NAC

0.0 mM 781±111
0.1 mM 814±114 793±117 840±128*
1.0 mM 851±116** 963±114** 1095±210***

Each value is the mean±SD of 8 experiments performed in duplicate. *pb0.05,
**pb0.01, ***pb0.001 with respect to the control values.

666 M. De la Fuente et al. / International Immunopharmacology 11 (2011) 661–669



Author's personal copy

3.6. Intracellular glutathione levels

The levels of intracellular total glutathione in leukocytes from
axillary nodes, spleen and thymus incubated for 3 hwith 5 mMof GSH
are shown in Fig. 5. The levels of GSH are higher in control
lymphocytes from spleen (pb0.05) than in those from the other
organs. After 3 h of incubation with 5 mM GSH the intracellular levels
of this antioxidant increased in the cells from the three organs, but the
levels were higher in axillary nodes and thymus (pb0.001) than in
spleen (pb0.01).

4. Discussion

This work demonstrates the favorable effects in vitro of several
sulfur-containing antioxidants on relevant functions of lymphocytes
from young-adult mice, such as proliferation, mobility and adherence.

Proliferation is one of the most relevant functions of lymphocytes.
All the antioxidants studied in the present work increased the
proliferation of mouse lymphocytes, especially with the highest
concentration used. In a classical study Oberley et al. [42] observed
that oxidative stimuli, such as superoxide and hydrogen peroxide,
could activate signaling pathways that lead to proliferation. Never-
theless, other work showed clearly that this effect depends on the
amount of oxidants [43]. Thus, low levels of hydrogen peroxide
induced mitogenic responses and growth stimulation, whereas a
considerable increase in the oxidant concentrations caused growth
arrest [43]. In fact, although the proliferation of lymphocytes needs

certain levels of ROS [44], when there are high ROS concentrations
apoptosis occurs [43,45]. Moreover, it has been shown that low levels
of ROS in the environment of proliferating cells were not only
stimulant, but also needed for correct mitogenic signaling [46]. These
studies led to the development of themodel of the “redox cycle within
a cell cycle”, according to which transient changes in ROS could
modify the redox state of cell cycle regulatory proteins and thus lead
to progression or arrest of the proliferation [47]. Thus, antioxidants
could by scavenging ROS allow oxidant levels that improve the
proliferation of lymphocytes. In fact, previous studies have shown that
GSH increases proliferation of lymphocytes from human peripheral
blood [48] and from rat spleen [49]. NAC, a GSH precursor that also
restores its levels [24], increased the intracellular concentrations of
GSH and the proliferation of blood lymphocytes from postmenopausal
women [28]. Moreover, NAC induced in vitro a significant up-regulation
of proliferative response of human lymphocytes to mitogens [50]. TP in
vitro also increased the proliferation of lymphocytes from mice [22]. A
diet supplementedwith TPorwith both antioxidants,NAC and TP, in old
mice or prematurely ageing mice, respectively, stimulated the prolifer-
ation of their lymphocytes [21,40]. Thus, the present results suggest the
idea that the effect on proliferation of lymphocytes observed in vivo
with these diets is consequence of the direct action of the antioxidants
on the immune cells.

Other possible explanation of the effects of the antioxidants
studied increasing proliferation of lymphocytes is their role in the
viability of these cells. In the present work we have observed that all
these antioxidants increase the viability of leukocytes from the three
immune organs after different times of incubation, and they already
had this effect in cells from spleen and thymus at 4 h. Previous studies
showed that GSH decreases apoptosis [16] and that GSH, TP and NAC,
in a range of concentrations from 0.5 mM to 5.0 mM, decreased in
vitro the basal and induced programmed cell death of peritoneal
leucocytes [11]. Taurine also inhibits apoptosis of phagocytic [34] and
T [39] cells.

Lymphocyte mobility both spontaneous and chemotaxis are in-
creased by the antioxidants studied. Since it is known that deficient
levels of endogenous antioxidants are related to a lower chemotaxis
[51], this could explain the increase of that function when the sulfur-
containing antioxidant studied are administrated in vitro. These results
agree with those of previouswork in which exogenous incorporation of
GSH, TP and NAC improved the chemotaxis of peritoneal macrophages
from mice [10]. TP and NAC have the same effect in peritoneal
lymphocytes [22,26]. It is relevant to mention that in these two studies
0.1 mM of TP and 0.1 mM of NAC showed significant increases of
chemotaxis of peritoneal lymphocytes. However, in the present study
this concentration was not enough to do it, but we found a significant
increase of chemotaxis with 0.1 mMof the two antioxidants together. A
possible explanation of these differences is the strain and age ofmice. In

Table 2
Effect in vitro of GSH (5 mM), TP (1 mM) and NAC (1 mM) on the adherence index of
peritoneal lymphocytes from BALB/c mice.

Time of Incubation (min) Controls GSH TP NAC

10 23±4 37±11** 35±8*** 41±13**
20 38±7 44±13 44±14 42±11
30 51±12 53±15 54±12 49±15
60 66±13 63±13 68±12 70±12

Each value is the mean±SD of 8 experiments performed in duplicate.**pb0.01,
***pb0.001 with respect to the corresponding control.

Table 3
Effect in vitro of GSH (5 mM), TP (1 mM), NAC (1 mM) and TAU (40 mM) on the
viability (%) of lymphocytes from axillary nodes, spleen and thymus from BALB/c mice
at different culture times.

Time

1 h 4 h 6 h 24 h 48 h 72

Axillary nodes
Controls 87±5 84±6 81±3 67±10 38±9 29±8
GSH 91±8 88±6 87±5* 79±10* 73±8*** 69±13***
TP 88±5 86±5 83±4 69±8 65±13*** 56±9***
NAC 90±4 88±4 85±5 79±4* 62±12*** 55±8***
TAU 90±4 88±5 83±3 75±8 53±8*** 43±9***

Spleen
Controls 99±4 87±5 80±8 75±6 54±4 50±8
GSH 97±4 94±4** 87±7* 85±4** 75±8*** 72±7***
TP 98±5 96±6** 89±7* 82±7* 70±6*** 67±6***
NAC 99±2 94±2** 84±6 74±6 60±3** 59±9*
TAU 97±2 92±3** 90±3** 76±7 67±9** 57±6*

Thymus
Controls 95±7 94±5 90±7 73±8 60±9 30±8
GSH 97±4 99±3* 93±8 79±9 70±8* 60±15***
TP 98±3 98±3* 91±7 75±7 69±8* 44±8***
NAC 95±6 95±3* 94±4* 74±7 60±8 42±7***
TAU 97±4 95±3* 96±4** 79±4* 64±8* 52±8***

Each value is the mean±SD of 8 experiments performed in duplicate. *pb0.05,
**pb0.01, ***pb0.001 with respect to the corresponding control.

Fig. 5. Intracellular levels of glutathione (GSH) (nmol/106 lymphocytes) in cells of
axillary nodes, spleen and thymus of BALB/c mice incubated 3 h with 5 mM of GSH.
**pb0.01, ***pb0.001 with respect to the corresponding control values. The levels in
control cells from spleen are higher than those in axillary nodes (pb0.05) and thymus
(pb0.01).
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the present work young-adult BALB/c mice (17±3 weeks of age) were
used, whereas in the previous studies adult (22 weeks of age) Swiss
mice (for NAC) and adult (27 weeks of age) BALB/c mice (for TP) were
used. Although the different results obtained with the two strains seem
understandable, a difference of 12 weeks of age is determinant to obtain
a different effect with an antioxidant. A small amount of an antioxidant
in vitro, such as NAC, has more effect on the lymphocytes of older mice
than in those from younger animals [26]. Since the ingestion of a diet
supplemented with NAC [26] and with TP+NAC [52] increased
chemotaxis in lymphocytes from mice, the present results suggest
that this is a direct effect of these antioxidants on the immune cells.

It is possible that the stimulating effect on lymphocyte mobility
shown by the antioxidants is carried out through the inhibition of the
MIF (migratory inhibiting factor) levels. The expression of this
cytokine is related with the increase in the levels of other cytokine,
namely TNF-alfa [53], which is decreased by NAC and possibly by the
other antioxidants via an inhibition of the NF-kappaB factor [30]. In
fact, TAU decreases NF-kappaB activation [39].

Adherence of lymphocytes is a function previous to their mobility.
Although thiolic antioxidants such as GSH, TP and NAC in vitro did not
modify this function in peritoneal macrophages [10], in the present
work all the antioxidants studied increased adherence of peritoneal
lymphocytes at least at a short time of incubation (10 min). An increase
in adherence is shown in oxidative stress situations such as endotoxic
shock or aging, but in these cases the cells show a decrease in the
chemotaxis activity [1,29]. However, a higher adherence can also reveal
an activation of cells, even more if these cells have an increased
chemotaxis, such as it would be in the case of the lymphocytes in
presence of antioxidants investigated in the present work.

Although the positive effects of antioxidants in oxidative stress
situations such as endotoxic shock and aging [1,30] can be expected,
the activation of the lymphocyte functions studied in the present
work in a situation apparently without an oxidative stress as it
happens in the immune cells from young-adult mice, could be more
difficult to understand. However, there is also an oxidative stress
situation in chronologically young mice since they can be biologically
older, and the ingestion of a diet supplemented with antioxidants is
useful for their immune cells [1,54]. Moreover, several functions of
macrophages (cells that use their endogen antioxidants to perform
the phagocytic activity [3]) from adult mice improve after in vitro
administration of antioxidants [10]. It has been suggested that cells in
culture produce more ROS than cells in vivo and this is the cause of
their lack of antioxidants [55]. Nevertheless, macrophages in culture
only consume their endogenous antioxidants when they are working
[3]. Thus, the direct effect of the antioxidants on leukocytes observed
in the present work could be also explained considering the ROS
production of the immune cells in the development of their functions
[1,2]. Thus, we can suggest that an appropriate balance between ROS
generation and antioxidant defenses is needed to maintain a good
leukocyte function. The present results in vitro suggest that the
improvement of the immune response, and specifically of the
lymphocyte functions, found after ingesting diet supplemented with
some of the antioxidants studied [1,19–21,26–28,40,52], are due to a
direct action of these compounds in the immune cells. In addition,
although we have studied the effects of antioxidants in vitro on several
functions of lymphocytes, these cells, themost abundant in the samples
obtained from peritoneum, axillary nodes, spleen and thymus, are
present with all the other leukocytes. This simulates, as far as possible,
the in vivo conditions, where all these cells are together. Moreover, we
haveobserved thatwhen leukocytes are isolated, the functional capacity
of each kind of cell changes [56]. The in vitro effect found in the present
study could be due to the incorporation of the antioxidants into
leukocytes. This has been observed for NAC, which is a GSH precursor
[24], and also for TP [17]. As regard GSH, although there are some
research questioning if its direct administration is a suitable procedure
for increasing cell thiol levels since this antioxidant does not enter the

cells easily [57], several studies show the presence of GSH transporter in
immune cells aswell as thatmost cell types canmetabolize extracellular
GSH. Thereafter they internalize the cysteine, which controls the rate of
GSH synthesis [58]. Thus, although presently the possible transport of
GSH into leukocytes is not generally accepted, in the present work the
incubation of leukocytes from axillary nodes, spleen and thymus with
5 mM of GSH increases the intracellular levels of this antioxidant.

Since the immune functions are considered good markers of the
health of each individual, of her/his biological age and predictors of
longevity, tofind out how tomaintain an appropriate immune response
since the young-adult age is currently one of the more interesting
challenges of research. Nevertheless, much more investigation should
be carried out in this field, especially to understand the denominated
“antioxidant paradox” [55].

Acknowledgements

The authorswish to thank the technical help ofMsGemaRuedas and
MsMarinaGavin for carrying out the experiment of the study. Thiswork
was supported by MICINN (BFU2008-04336); UCM Research Group
(910379ENEROINN) grants and RETICEF (RD06/0013/0003) (ISCIII) of
Spain.

References

[1] De la FuenteM, Miquel J. An update of the oxidation-inflammation theory of aging.
The involvement of the immune system in oxi-inflamm-aging. Curr Pharm Des
2009;15:3003–26.

[2] Knight JA. Review: Free Radicals, Antioxidants, and Immune System. Ann Clin Lab
Sci 2000;30:145–58.

[3] Hernanz A, Collazos ME, De la Fuente M. Effect of age, culture medium and
lymphocyte presenceon ascorbate content of peritonealmacrophages frommice and
guinea pigs during phagocytosis. Int Arch Aller Appl Immunol 1990;91:166–70.

[4] Viña JR. Glutathione: Metabolism and Physiological Function. CRC Press Boston;
1990.

[5] Garcia de la Asuncion J, Pla R, Esteras A, Pallardo FV, Sastre J, Viña J. Mitochondrial
GSH oxidation is correlated with age-related oxidative damage in mitochondrial
DNA. FASEB J 1996;10:1–6.

[6] Drögue W. Aging-related changes in the thiol/disulfide redox state: implications
for the use of thiol antioxidants. Exp Gerontol 2002;37:1333–45.

[7] Dröge W, Breikreuz R. Glutathione and immune function. Proc Nutr Soc 2000;59:
595–600.

[8] Dröge W, Schulze-Osthoff K, Mihm S, Galter D, Schenk H, Eck HP, et al. Function of
glutathione andglutathionedisulfide in immunology and immunopathology. FASEB J
1994;8:1131–8.

[9] Atalay M, Marnila P, Lilius EM, Hanninen O, Sen CK. Glutathione-dependent
modulation of exhausting exercise-induced changes in neutrophil function of rats.
Eur J Appl Physiol 1996;74:342–7.

[10] Del RioM, Ruedas G, Medina S, Victor VM, De la FuenteM. Improvement by several
antioxidants of macrophage function in vitro. Life Sci 1998;63:871–81.

[11] Pomaki M, Mota MJ, De la Fuente M, Berger J. Effect of thiolic antioxidants on in
vitro mouse peritoneal macrophage functions. Comp Clin Path 2005;13:176–81.

[12] Ghibelli L, Coppola S, Rotilio G, Lafavia E, Maresca V, Ciriolo MR. Non-oxidative loss
of glutathione in apoptosis via GSH extrusion. Biochem Biophys Res Commun
1995;216:313–20.

[13] Franco R, Panayiotidis MI, Cidlowski JA. Glutathione depletion is necessary for
apoptosis in lymphoid cells independent of reactive oxygen species formation. J
Biol Chem 2007;282:30452–65.

[14] Franco R, DeHaven WI, Sifre MI, Bortner CD, Cidlowski JA. Glutathione depletion
and disruption of intracellular ionic homeostasis regulate lymphoid cell apoptosis.
J Biol Chem 2008;283:36071–87.

[15] Koval TV, Nazarova OO. Matyshevs'ka OP. Changes in glutathione content in rat
thymocytes under apoptosis induced byH2O2 or radiation. Ukr Biokhim Zh 2008;80:
114–9.

[16] Hammond CL, MadejczykMS, Ballatori N. Activation of plasmamembrane reduced
glutathione transport in death receptor apoptosis of HepG2 cells. Toxicol Appl
Pharmacol 2004;195:12–22.

[17] Wlodek L, Rommelspacher H, Susilo R, Radomski J, Höfle G. Thiazolidine derivates
as source of free L-cysteine in rat tissue. Biochem Pharmacol 1993;46:1917–28.

[18] Wlodek L, Grabowska A, Marcinkiewicz J. The modulation of IL-2 dependent
proliferation of CTLL-2 cells by 2-methyl-thiazolidine-2, 4-dicarboxylic acid.
Immunopharmacol 1995;30:51–8.

[19] Correa R, Blanco B, Del Rio M, Victor V, Guayerbas N, Medina S, et al. Effect of a diet
supplemented with thioproline on murine macrophage function in a model of
premature ageing. Biofactors 1999;10:195–200.

[20] De la Fuente M, Ferrández MD, Muñoz F, De Juan E, Miquel J. Stimulation by the
antioxidant thioproline of the lymphocyte functions of old mice. Mech Ageing
Develop 1993;68:27–36.

668 M. De la Fuente et al. / International Immunopharmacology 11 (2011) 661–669



Author's personal copy

[21] De la Fuente M, Ferrández MD, Del Rio M, Burgos MS, Miquel J. Enhancement of
leukocyte functions in aged mice supplemented with the antioxidant thioproline.
Mech Ageing Develop 1998;104:213–25.

[22] Correa R, Del Rio M, De la Fuente M. Improvement of murine immune functions in
vitro by thioproline. Immunopharmacology 1999;44:281–91.

[23] Ferrandez MD, Correa R, Del Rio M, De la Fuente M. Effects in vitro of several
antioxidants on the natural killer function of aging mice. Exp Gerontol 1999;34:
675–85.

[24] De Flora S, Izzoti A, D'Agostini F, Cesarone CF. Antioxidant activity and other
mechanisms of thiol involved in chemoprevention ofmutation and cancer. Am JMed
1991;91:122–30.

[25] Gressier B, Cabanis A, Lebegue S, Brunet C, Dine T, Luyckx M, et al. Cazin J.C.
Decrease of hypochlorous acid and hydroxyl radical generated by stimulated
human neutrophils: comparisons in vitro of some thiol-containing drugs. Meth
Find Exp Clin Pharmacol 1994;16:9–13.

[26] Puerto M, Guayerbas N, Victor VM, De la Fuente M. “Effects of N-acetylcysteine on
macrophage and lymphocyte functions in a mouse model of premature ageing.
Pharmacol Biochem Behavior 2002;73:797–804.

[27] Guayerbas N, Puerto M, Alvarado C, De la Fuente M. Effect of diet supplementation
with N-acetylcysteine on leukocyte functions in prematurely ageing mice. J Appl
Biomed 2005;3:199–205.

[28] Arranz L, Fernandez C, Rodriguez A, Ribera JM, De la Fuente M. The glutathione
precursor N-acetylcysteine improves immune function in postmenopausal women.
Free Rad Biol Med 2008;45:1252–62.

[29] De la Fuente M, Victor VM. Ascorbic acid and N-acetylcysteine improve in vitro the
function of lymphocytes from mice with endotoxin-induced oxidative stress. Free
Rad Res 2001;35:73–84.

[30] Victor VM, Rocha M, Esplugues JV, De la Fuente M. Role of free radicals in sepsis:
Antioxidant therapy. Curr Pharm Des 2005;11:3141–58.

[31] Huxtable RJ. Physiological actions of taurine. Physiol Rev 1992;72:101–63.
[32] Stipanuk MH, Ueki I. Dealing with methionine/homocysteine sulfur: cysteine

metabolism to taurine and inorganic sulfur. J Inherit Metab Dis 2010;34:17–32.
[33] Schuller-Levis GB, Park E. Taurine and its chloramines:modulators of immunity.

Neurochem Res 2004;29:117–26.
[34] Kim C, Cha YN. Production of reactive oxygen and nitrogen species in phagocytes

is regulated by taurine chloramines. Adv Exp Med Biol 2009;643:463–72.
[35] Ekremoglu M, Türközkan N, Erdamar H, Kurt Y, Yaman H. Protective effect of

taurine on respiratory burst activity of polymorphonuclear leukocytes in
endotoxemia. Amino Acids 2007;32:413–7.

[36] Mühling J, Nickolaus KA, Matejee R, Langefeld TW, Harbach H, Engel J, et al. Which
mechanisms are involved in taurine-dependent granulocytic immune response or
amino- and alpha-keto acid homeostasis. Amino Acids 2008;34:257–70.

[37] Farriol M, Venereo Y, Rosselló J, Gomez P, Palao R, Orta X, et al. Effects of taurine on
polymorphonuclear phagocytosis activity in burned patients. Amino Acids 2002;23:
441–5.

[38] Ergun MA, Soysal Y, Kismet E, Akay C, Dundaroz R, Ilhan M, et al. Investigating the
in vitro effect of taurine on the infant lymphocytes by sister chromatid exchange.
Pediatr Int 2006;48:284–6.

[39] Maher SG, Condron CE, Bouchier-Hayes DJ, Toomey DM. Taurine attenuates CD3/
interleukin-2-induced T cell apoptosis in an in vitro model of activation-induced
cell death (AICD). Clin Exp Immunol 2005;139:279–86.

[40] Guayerbas N, Puerto M, Ferrandez MD, De la Fuente M. A diet supplemented with
thiolic antioxidants improves leukocyte function in two strains of prematurely
ageing mice. Clin Exp Pharmacol Physiol 2002;29:1009–14.

[41] Tietze F. Enzymatic method for quantitative determination of nanogram amounts
of total and oxydized glutathione. Anal Biochem 1969;27:502–22.

[42] Oberley LW, Oberley TD, Buettner GR. Cell division in normal and transformed
cells: the possible role of superoxide and hydrogen peroxide. Med Hypotheses
1981;7:21–42.

[43] Davies KJ. The broad spectrum of responses to oxidants in proliferating cells: a
new paradigm for oxidative stress. IUBMB life 1999;48:41–7.

[44] Pani G, Colavitti R, Borrello S, Galeotti T. Endogenous oxygen radicals modulate
protein tyrosine phosphorylation and JNK-1 activation in lectin-stimulated
thymocytes. Biochem J 2000;347:173–81.

[45] Hildeman DA. Regulation of T-cell apoptosis by reactive oxygen species. Free Radic
Biol Med 2004;36:1496–504.

[46] Pani G, Colavitti R, Bedogni B, Anzevino R, Borrello S, Galeotti T. A redox signalling
mechanism for density-dependent inhibition of cell growth. J Biol Chem 2000;275:
38891–9.

[47] Menon SG, Goswami PC. A redox cicle within the cell cycle: ring in the old with the
new. Oncogene 2007;26:1101–9.

[48] Smyth M. Glutathione modulates activation-dependent proliferation of human
periferal blood lymphocytes populations without regulating their activated
function. J Immunol 1991;146:1921–7.

[49] Pieri C, Moroni F, Recchioni R. Glutathione influences the proliferation as well as
the extent of mitochondria activation in rat splenocytes. Cell Immunol 1992;145:
210–7.

[50] Viora M, Quaranta MG, Straface E, Vari R, Masella R, Malorni W. Redox imbalance
and immune functions: opposite effects of oxidized low-density lipoproteins and
N-acetylcysteine. Immunolo 2001;104:431–8.

[51] Ball SS, Weindruch R, Walford RL, Walford R, Harman D, Miquel J. Free radicals.
Ageing and degenerative diseases. In: Johnson Jr JE, editor. Alan R Lis New York;
1996. p. 427–56.

[52] De la Fuente M, Guayerbas N, CatalánMP, Victor VM. andMiquel, J”.The amount of
thiolic antioxidant ingestion needed to improve the immune functions is higher in
aged than in adult mice”. Free. Rad Res 2002;36:119–26.

[53] Hirokawa J, Sakaue S, Furuya Y, Ishii J, Hasegawa A, Tagami S, et al. Tumor necrosis
factor-alpha regulates the gene expression of macriphage migration inhibitory
factor through tyrosine kinase-dependent pathway in 3T3-L1 adipocytes. J
Biochem 1998;123:733–9.

[54] Alvarado C, Alvarez P, Jimenez L, De la Fuente M. Improvement of leukocyte
functions in young prematurely aging mice after a 5-week ingestion of a diet
supplemented with biscuits enriched in antioxidants. Antioxid Redox Signals
2005;7:1203–10.

[55] Halliwell B. The wanderings of a free radical. Free Radic Biol Med 2009;46:531–42.
[56] De la Fuente M, Medina S. NPY and phagocytic cell functions. In: Zukowska Z,

Feuerstein GZ, editors. Birkhaäuser Verlang Basel/Switzerland; 2005. p. 107–22.
[57] Puri RN, Meister A. Transport of glutathione, as glutamylcysteinylglycyl ester, into

liver and kidney. Proc Natl Acad Sci USA 1983;80:5228–60.
[58] Seres T, Knickelbein RG, Warshaw JB, RBJr Johnston. The phagocytosis-associated

respiratory burst in human monocytes is associated with increased uptake of
glutathione. J Immunol 2000;165:3333–40.

669M. De la Fuente et al. / International Immunopharmacology 11 (2011) 661–669



Journal of
APPLIED
BIOMEDICINE

J Appl Biomed. 10: 79–90, 2012
DOI 10.2478/v10136-012-0005-z

ISSN 1214-021X
www.zsf.jcu.cz/jab

ORIGINAL ARTICLE

The antioxidant N-acetylcysteine in vitro improves several
functions of peritoneal leucocytes from old mice approaching 
their values to those of adult animals
Mónica De la Fuente1, Angel Hernanz2

1Department of Physiology, Faculty of Biology, Complutense University of Madrid, Spain
2Department of Biochemistry, La Paz Hospital, Madrid, Spain

Received 6th September 2011.
Revised 6th November 2011.
Published online 9th November 2011. 

Summary
The age-related deterioration of the function of immune cells, or immunosenescence, is based on oxidative
stress (an imbalance between the levels of oxidants and antioxidant defences with an increase of the former).
Accordingly, the ingestion of a diet supplemented with thiolic antioxidants such as N-acetylcysteine (NAC),
a glutathione precursor, by aged subjects improved their leucocyte functions. The aim of the present study
was to show if NAC improves in vitro several functions of leucocytes from chronologically old mice and if
this antioxidant is able to bring the values of these functions to the levels of those of adult animals. Six
concentrations of NAC (in a range from 0.001 mM to 2.5 mM) were investigated on several functions of
peritoneal leucocytes from old (78±2 weeks of age) BALB/c mice. These functions were those of the
phagocytic process in macrophages, namely: adherence to substrate, directed migration or chemotaxis,
phagocytosis of inert particles and superoxide anion levels as a measure of digestion capacity, as well as of
the adherence and chemotaxis of lymphocytes. These functions were also studied in peritoneal leucocytes
from adult (18±2 weeks of age) mice. The results showed that NAC in vitro improves all the functions
studied, especially at the highest concentrations, which had shown impaired values in old mice, approaching
those of adult animals. Since the immune functions studied are markers of health and predictors of longevity,
the administration to aged subjects of NAC, which shows a direct action in leucocytes, seems to be a good
strategy to improve their immune system and, therefore, to reach a healthy longevity.

Key words: N-acetylcysteine; immunosenescence; macrophages; lymphocytes; mice

INTRODUCTION

Ageing is accompanied by an impairment of the
physiological systems including the immune system.

In fact, it is well known that with the passage of time
there is a decrease in resistance to infections and an
increase in the autoimmune processes and cancer.
This indicates the presence of a less competent
immune system, which exerts a great influence on the
increasing morbidity and mortality observed in ageing
human subjects (Wayne et al. 1990). Moreover, the
high death rate found in aged populations is due in
great proportion to infectious processes (High 2004).
Thus, it is presently accepted that almost every
component of the immune system undergoes striking
age-associated re-structuring, leading to changes that
may include enhanced as well as diminished
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functions; this fact being denominated immuno-
senescence (Aw et al. 2007, De la Fuente and Miquel
2009). We have studied the changes in several
immune cell functions through age of experimental
animals, such as rats and specially mice, and of
human beings, and we have observed a similar
age-related evolution of many of these functions in
immune cells from the peripheral blood of humans
and from the peritoneum of mice (De la Fuente 2002,
De la Fuente et al. 2004a, b, 2005, 2011a, De la
Fuente and Miquel 2009, Arranz et al. 2010). In
agreement with the oxidation theory of ageing
(Harman 1956, Miquel et al. 1980, Miquel 1998), we
have observed that those age-related changes of
immune cell functions have as their basis an oxidative
and inflammatory stress situation, which has among
its intracellular mechanisms the activation of the NF-
țB in the immune cells (De la Fuente et al. 2005, De
la Fuente and Miquel 2009, Arranz et al. 2010).
Moreover, we have proposed a key involvement of
the immune system in the rate of ageing of each
organism, since there is a relation between the redox
state and functional capacity of the immune cells and
the longevity of individuals (De la Fuente and Miquel
2009, Alonso-Fernández and De la Fuente 2011). A
confirmation of this role of the immune system in the
oxi-inflamm-ageing is that the administration of
adequate amounts of antioxidants in the diet, which
improves the immune cell functions, decreasing their
oxidative stress, in experimental animals and humans,
increases the longevity of mice (Arranz et al. 2008,
De la Fuente et al. 2008, 2011a, b, De la Fuente and
Miquel 2009, De la Fuente 2010).

In this context, we have especially studied the
effects of diet supplemented with thiol antioxidants
such as N-acetylcysteine (NAC). This antioxidant
neutralizes free radicals in a direct manner (Gressier
et al. 1994) and is a glutathione precursor (De Flora
et al. 1991). Glutathione (GSH) is the principal
nonenzymatic antioxidant of the cells and plays a
major role in the preservation of an adequate
intracellular redox state (Dröge 2002). Moreover, an
optimal immune response will require adequate levels
of GSH (Dröge and Breikreuz 2000). With ageing,
there is a decrease in this GSH content, which has
been observed in a variety of cells and tissues,
including those of the immune system (Hernanz et al.
2000, Dröge 2005, Arranz et al. 2008). NAC has been
studied by many authors because of the wide range of
its effects at all cellular levels and with multiple
clinical applications (Dodd et al. 2008, Millea 2009).
In previous studies we have observed that the
ingestion of a diet supplemented with NAC improves
many leucocyte functions in adult prematurely ageing
mice (Puerto et al. 2002, Guayerbas et al. 2005). In

addition, in postmenopausal women NAC showed
similar effects (Arranz et al. 2008). The ingestion of
a diet supplemented with NAC and other thiolic
precursors namely thioproline, also improved many
leucocyte functions in adult, prematurely ageing mice
and old animals (Blanco et al. 1999, De la Fuente et
al. 2002, Guayerbas et al. 2002b, 2004, De la Fuente
2010). NAC in vitro stimulated several functions of
lymphocytes and macrophages from adult mice (Del
Rio et al. 1998, Pomaki et al. 2005, De la Fuente et al.
2011b) and human subjects (Karlsson et al. 2011).
However, the effects in vitro of NAC on functions of
peritoneal leucocytes from old mice have not yet been
studied. Moreover, since the amount of thiol
antioxidants in the diet that improve immune function
depends on the age of the animals (De la Fuente et al.
2002), the aim of the present work based on the above
was to test the effects of a wide range of
concentrations of NAC in vitro on several functions
of peritoneal macrophages and lymphocytes from old
mice, and to check if the NAC administration
approaches the values obtained in adult mice.

MATERIAL AND METHODS

Animals
Old (78±2 weeks of age) and adult (18±2 weeks of
age) female BALB/c mice (Mus musculus) (Iffa
Credo, France) were used. The mice were specific
pathogen free, as tested by Harlan according to
FELASA recommendations. Twelve mice of each age
were used. They were randomly divided in groups of
6, and each group was housed in a polyurethane box,
at a constant temperature (22±2 °C) in sterile
conditions inside an aseptic air negative-pressure
environmental cabinet (Flufrance, Cachan, France),
on a 12/12 h reversed light/dark cycle. All animals
were fed water and standard Sander Mus (A.04 diet
from Panlab L.S. Barcelona, Spain) pellets ad libitum.
The diet was in accordance with the recommendations
of the American Institute of Nutrition for laboratory
animals. The experimental protocol was approved by
the Animal Ethics Committee of the Complutense
University of Madrid (Spain).

Collection of peritoneal leucocytes
After being housed for 2 weeks, mice were sacrificed
by cervical dislocation according to the guidelines of
the European Community Council Directive  86/6091
EEC, between 8:00 and 10:00 h. The abdomen was
cleansed with 70% of ethanol, the abdominal skin
was carefully dissected without opening the
peritoneum and 4 ml of sterile Hank’s solution was
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injected intraperitoneally. Then, the abdomen was
gently massaged and peritoneal resident cells were
removed, allowing the recovery of 85–90% of the
injected volume. Macrophages, identified by
morphology and non-specific esterase staining, were
counted in Neubauer chambers and then adjusted by
dilution with Hank’s solution to 5 × 105 macro-
phages/ml. Lymphocytes were also identified by
morphology and adjusted to 5 × 105 lymphocytes/ml
Hank’s medium. The cellular viability, determined in
each experiment using the trypan-blue exclusion test,
was in all cases higher than 95%.

Antioxidant
N-acetylcysteine (NAC) was purchased from Sigma
(St. Louis, USA) and the following concentrations
were used: 0.001 mM, 0.01 mM, 0.1 mM, 1 mM and
2.5 mM dissolved in Hank’s solution.

Assays of phagocytic function in peritoneal
macrophages
In the peritoneal suspension, with macrophages
adjusted to 5 × 105 cells/ml Hank’s solution, we
carried out a study of the different steps of the
phagocytic process, i.e., adherence to tissues,
mobility to infectious focus (chemotaxis),
phagocytosis of foreign inert material and digestion
capacity of this material through the production of
intracellular free radicals, namely the superoxide
anion, which is the first response in the respiratory
burst.

For the quantification of the adherence capacity to
the substrate, we observed the adherence to a smooth
plastic surface, because it resembles adherence to
animal tissue. The method was carried out as
previously described (Puerto et al. 2002). Briefly,
aliquots of 0.2 ml of the peritoneal suspensions were
placed in eppendorf tubes and incubated 10, 20 and
30 min at 37 °C, and after gentle shaking, the number
of non-adhered macrophages was determined in
Neubauer chambers. The adherence index, AI, was
calculated according to the following equation:
AI= (Mi-Mf/Mi) × 100, where Mi is the initial con-
centration of macrophages (5 × 105 cells/ml) and Mf
the final concentration of macrophages in the
supernatant (non-adherent cells) after each incubation
time.

The chemotaxis assays were performed according
to a modification of Puerto et al. (2002) of the
original technique described by Boyden (1962),
which consists basically in the use of chambers with
two compartments separated by a filter (Millipore,
Bedford, MA) with a pore diameter of 3 ȝm. Aliquots
of 0.3 ml of the peritoneal suspension were deposited
in the upper compartment of the Boyden chambers.

F-met-leu-phe (Sigma, St. Louis, USA) (a positive
chemotactic peptide in vitro), at 10–8 M, was placed in
the lower compartment in order to determine
chemotaxis. The chambers were incubated for 3 h at
37 °C and 5% CO2, and after this time the filters were
fixed, stained and the chemotaxis index (C.I.) was
determined by counting in an optical microscope
(immersion objective) the total number of
macrophages in one third of the lower face of the
filters.

The latex phagocytosis assay was carried out
following a method previously described (Puerto et
al. 2002). Aliquots of 0.2 ml of peritoneal
suspensions were incubated in culture plates (Sterilin,
Teddington, England) for 30 min. To the adherent
monolayer, after being washed with PBS (phosphate
buffer saline), 0.02 ml latex beads (1.09 mm diluted
to 1% PBS, Sigma, St. Louis, MO) were added. After
30 min of incubation, the plates were washed, fixed
and stained and the number of particles ingested by
100 macrophages was counted, being expressed as a
phagocytic index (P.I.). The percentage of
macrophages with phagocytic capacity (ingesting at
least one particle) was also counted and expressed as
the phagocytic efficiency (P.E.).

Superoxide anion production was evaluated
assessing the capacity of this anion, produced by
macrophages, to reduce nitroblue tetrazolium (NBT).
This was carried out following the method described
by De la Fuente (1985) slightly modified as follows.
Aliquots of 0.25 ml of peritoneal suspension were
mixed with 250 ml of NBT (1 mg/ml in PBS, Sigma),
0.05 ml of a latex bead suspension were added to the
stimulated samples and 0.05 ml of PBS to the
non-stimulated samples. After 60 min of incubation,
the reaction was stopped, the samples were
centrifuged, and the intracellular reduced NBT was
extracted with dioxan (Sigma) and, after
centrifugation, the supernatant absorbance at 525 nm
was determined. The results were expressed as
nmol/106 cells using a pattern curve.

Assays of peritoneal lymphocyte functions
The two functions studied in macrophages that are
also carried out by lymphocytes, namely adherence
and chemotaxis, were studied in these cells of
peritoneal suspension adjusted to 5 × 105 lympho-
cytes/ml Hank’s medium, following similar methods
to those described for macrophages.

Statistical analysis
The data are expressed as the mean ±S.D of 10 values
corresponding to the same number of experiments.
Each value is the mean of the data from an assay
performed in duplicate. The data were examined
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statistically by one-way analysis of variance
(ANOVA) for paired observations (NAC effects in
the aged mice), followed by the Scheffer’s F post hoc
procedure. The ANOVA test for unpaired
observations was used for comparing adult and aged
mice, followed by the Scheffe’s F test. The normality
of the samples was confirmed by the
Kolmogorov-Smirnov test. We used the significance
level 2Į=0.05.

RESULTS

The percentages of macrophages and lymphocytes
obtained in the peritoneal suspensions from adult and
old mice were 39±11 and 30±13 for macrophages and
61±11 and 70±13 for lymphocytes, respectively.

The adherence and chemotaxis capacities of
macrophages are shown in Fig. 1. The adherence
indexes (Fig. 1A) at 10, 20 and 30 minutes of
incubation in macrophages from old mice were higher
(statistically significant) than those in cells from adult
animals. The presence of NAC decreased the
adherence indexes, the differences being statistically
significant at 10 and 20 minutes of incubation with
0.1 mM, 1 mM and 2.5 mM. Thus, the adherence
indexes with 2.5 mM (at 10 min of incubation) and
with 1 mM (at 10 and 20 min of incubation) were
similar to those in adult mice. The chemotaxis
indexes (Fig. 1B) in macrophages from old mice,
which in the controls were lower (statistically
significant) than those in adult animals, increased in
the presence of NAC. This antioxidant from 0.01 to
2.5 mM stimulated the chemotaxis, showing
statistically significant differences with respect to the
values of old controls. However, this increase did not
reach indexes similar to those in adult mice, since in
all cases the values were significantly lower than in
adult animals.

The results of the phagocytosis capacity, both
phagocytic index (P.I.) and phagocytic efficiency
(P.E.) (Fig. 2), show decreased values (statistically
significant) in macrophages from old mice in
comparison to those from adult animals. NAC
increased the P.I. (Fig. 2A) in macrophages from old
mice (with the exception of the concentration of
2.5 mM), showing statistically significant differences
with the concentrations of 0.01, 0.1 and 1 mM. The
levels of P.I. with the highest concentration of
2.5 mM were significantly lower than those with
1 and 0.1 and 0.01 mM of NAC. The values of P.I.
with all concentrations of NAC were significantly
lower than those in adult mice. With respect to the
P.E. (Fig. 2B) the concentration of 1 mM of NAC

was the only one that significantly increased this
index, however these values did not reach those of
macrophages from adult animals.

The levels of superoxide anion, both basal and
stimulated (Fig. 3) were significantly increased in
cells from old mice in comparison to those from adult
animals. However, the concentrations of 0.1 and
1 mM of NAC significantly increased these levels in
both basal and stimulated samples. 

The adherence and chemotaxis capacities of
lymphocytes are shown in Fig. 4. The adherence
indexes (Fig. 4A) were higher (statistically
significant) in lymphocytes from old mice than in
those from adult animals at 10 min of incubation.
NAC significantly decreased the adherence indexes at
this time of incubation with 0.1 mM, 1 mM and
2.5 mM. With 1 mM of NAC the values at 10 min of
incubation were similar to those in lymphocytes from
adult mice. The chemotaxis of lymphocytes (Fig. 4B)
was significantly decreased in cells from old mice in
comparison with those from adult animals. No
statistically significant differences were found in the
presence of NAC.

DISCUSSION

NAC in vitro improved several functions of peritoneal
macrophages and lymphocytes from old mice, which
showed values quite similar to those in adult animals.
This fact suggests that the positive effects on these
immune functions caused by diet supplementation
with this antioxidant in adult prematurely ageing mice
(Guayerbas et al. 2005) are, at least in part, due to a
direct action on the immune cells. The results
obtained in the present study corroborate that the
deterioration of immune cells with ageing is linked to
oxygen stress and that the administration of adequate
amounts of the antioxidant NAC preserves an
appropriate function of the immune cells in the ageing
process (De la Fuente et al. 2005, 2011a, De la Fuente
and Miquel 2009).

The functions of macrophages studied in the
present work are the consecutive steps of the
phagocytic process, which is carried out by
phagocytic cells in their defensive activity against
infections. In this process the first step involves the
adherence of cells to tissue substrate, which is
followed by the migration of these cells to the focus
of the infection through a chemical gradient
(chemotaxis). With ageing, peritoneal macrophages
increase adherence capacity and decrease chemotaxis
(De la Fuente et al. 2004b, De la Fuente and Miquel
2009, Arranz et al. 2010). These changes have also
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Fig. 1. Adherence of macrophages (A) and chemotaxis of macrophages (B) in peritoneal leukocytes from old BALB/c mice
incubated with 0.001, 0.01, 0.1,1 and 2.5 mM of N-acetylcysteine (NAC), as well as those indexes in cells from adult mice. Each
column represents the mean ± SD of 12 values corresponding to 12 animals, with each value being the mean of duplicate assays.
AI, adherence index following 10, 20 and 30 min of incubation; CI, chemotaxis index; * statistically significant as compared with
the corresponding old control values; a statistically significant versus the corresponding values in adult controls.

been observed in the present study and show the
oxidative stress that old mice suffer. This is related to
the increase of adhesion molecules involving
activation of NF-țB (Lavie et al. 2005, Victor et al.
2005, Arranz et al. 2010). An oxidative stress
situation is also linked to a release of the migration
inhibitor factor (MIF) (Hirokawa et al. 1998, Victor
et al. 2005), which could explain the decrease of
chemotaxis in leucocytes from old mice.

NAC decreases the adherence capacity in
macrophages from old mice at 0.1 mM, 1 mM and 2.5
mM, especially at 10 and 20 min of incubation, with

the values of this function being more similar to those
in adults. When we studied the effects of NAC (0.1 to
5 mM) in vitro on the adherence of macrophages from
adult mice, no change (Del Rio et al. 1998, Puerto et
al. 2002, Pomaki et al. 2005) or increase (Victor and
De la Fuente 2002) were found. Thus, NAC
modulates adherence of macrophages, not affecting or
increasing this function when cells are from adult
animals, but decreasing it in macrophages from old
mice, in which the oxidative stress situation of the
animals is shown with an increased adherence (De la
Fuente et al. 2005, De la Fuente and Miquel 2009).
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Fig. 2. Phagocytosis of latex particles (A) and phagocytic efficiency (B) in peritoneal leukocytes from old BALB/c mice
incubated with 0.001, 0.01, 0.1,1 and 2.5 mM of N-acetylcysteine (NAC), as well as those indexes in cells from adult mice. Each
column represents the mean ± SD of 12 values corresponding to 12 animals, with each value being the mean of duplicate assays.
PI, phagocytosis index, number of particles ingested by 100 macrophages; PE, number of macrophages ingesting at least one
particle per 100 macrophages; symbols as in Fig. 1.

Similar results, namely a decrease of the peritoneal
macrophage adherence capacity in the presence of
NAC, were obtained in cells from adult mice with
lethal endotoxic shock, a situation with an acute
oxidative stress that increases the adherence of these
phagocytes (Victor and De la Fuente 2002).

Chemotaxis was stimulated by NAC, especially in
the highest concentrations. Similar results were
obtained in the macrophages from adult mice (Del
Rio et al. 1998, Puerto et al. 2002, Victor and De la

Fuente 2002). Several studies have found a relation
between the supplementation and deficiency of
antioxidants, and the increase or decrease of
chemotaxis, respectively (Bendich 1989, De la Fuente
et al. 2000). In addition, NAC administration to
postmenopausal women, which showed a decreased
chemotaxis of peripheral blood neutrophils, increased
this function (Arranz et al. 2008). Moreover, in
prematurely ageing mice, with a decreased
chemotaxis in the peritoneal macrophages, the

Phagocytic efficiencyPhagocytic efficiency

Phagocytosis
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Fig. 3. Superoxide anion levels of samples stimulated with latex particles (stimulated superoxide anion) (A) and without latex
particles (non-stimulated superoxide anion) (B) in peritoneal leukocytes from old BALB/c mice incubated with 0.001, 0.01, 0.1,1
and 2.5 mM of N-acetylcysteine (NAC), as well as those indexes in cells from adult mice. Each column represents the mean ±
SD of 12 values corresponding to 12 animals, with each value being the mean of duplicate assays. Symbols as in Fig. 1.

administration of diet with NAC increases this
function (Puerto et al. 2002, Guayerbas et al. 2005).
These effects could be due to the direct action of
NAC on phagocytic cells from old subjects, since in
the present study we have observed an increase of
chemotaxis in the presence of NAC in vitro. This
stimulation of chemotaxis in macrophages from
animals with an oxidative stress situation and a
decreased chemotaxis was also found in cells from
adult mice with a lethal endotoxic shock, in which

NAC acted decreasing the high activation of NF-țB
caused by endotoxin in the immune cells (Victor and
De la Fuente 2002, 2003, Victor et al. 2005).

An adequate chemotaxis capacity that allows the
phagocytes to reach the focus of the infection is
followed by the ingestion of foreign agents. The
phagocytic capacity decreases with ageing (De la
Fuente et al. 2004b, De la Fuente and Miquel 2009,
Arranz et al. 2010), and this fact is also observed in
the present work in both activities, the percentage of
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Fig. 4. Adherence (A) and chemotaxis of peritoneal lymphocytes (B) from old BALB/c mice incubated with 0.001,
0.01, 0.1,1 and 2.5 mM of N-acetylcysteine (NAC), as well as those indexes in cells from adult mice. Each column represents
the mean ± SD of 12 values corresponding to 12 animals, with each value being the mean of duplicate assays; AI, adherence
index following 10, 20 and 30 min of incubation; CI, chemotaxis index; other symbols as in Fig. 1.

particles ingested (phagocytic index) and of
macrophages ingesting at least a particle (phagocytic
efficiency). Previous work showed that peritoneal
macrophages use their endogen antioxidants when
they are phagocyting (Hernanz et al. 1990). This
could explain why NAC and other antioxidants in
vitro increase the phagocytosis of macrophages from
adult mice (Del Rio et al. 1998, Puerto et al. 2002,
Victor and De la Fuente 2002, Pomaki et al. 2005). In

macrophages from old mice this effect is shown with
0.1 and 1 mM, but not with 2.5 mM, although this
concentration is effective in macrophages from adult
mice (Puerto et al. 2002, Victor and De la Fuente
2002). Previous studies also showed that a higher
concentration of a thiol antioxidant produces a lesser
effect on phagocytosis than other lower concen-
trations, as observed with GSH (Del Rio et al. 1998).
Moreover, no effect on phagocytosis was found with
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5 mM of NAC in macrophages from adult mice, but
an increase of this function was found with lower
concentrations (Pomaki et al. 2005). Although the
amount of thiolic antioxidant such as NAC and
thioproline that adult and old animals have to ingest
with diet to improve phagocytic function was higher
in old mice than in adult animals (De la Fuente et al.
2002), this it is not observed in vitro. It is possible
that in vitro a high concentration of NAC neutralizes
so much of the reactive oxygen species (ROS)
produced by the cell, that it cannot carry out its
function adequately. It is known that leucocytes
produce ROS as chemical weapons to incapacitate
pathogens and malignant cells and as modulators of
gene expression, regulating the biosynthesis of many
immune mediators (Knight 2000, Yoon et al. 2002).
Moreover, macrophages are the immune cells more
clearly involved in the oxidant generation, since they
use free radicals in order to perform their defensive
functions such as the phagocytic activity (De la
Fuente 2008, De la Fuente and Miquel 2009). It is
possible that another imbalance ROS/antioxidant
appears with lower levels of ROS than those that cell
needs when there are high concentrations of NAC in
vitro. In addition, in a recent study, moderate
concentrations of NAC in vitro (0.4–3.2 mM)
increased alloantigen-induced proliferation, the
expression of activation markers CD25 and CD71 on
T cells, and the production of IFN-Ȗ and IL-10,
whereas high concentrations of NAC (12.5–50 mM)
were suppressive (Karlsson et al. 2011). The results
in vivo on old subjects commented on above, suggest
that the alterations of the digestive tract and in the
passage of the antioxidants through the gut, that
appear with ageing, only allow adequate levels of
these compounds to get to the immune cells in old
animals when the amount of the antioxidant in the
diet is high.

In the presence of a phagocytic stimulus,
macrophages initiate what is known as the respiratory
burst, characterized by the production of free radicals,
the first of which is the superoxide anion. The levels
of this free radical in the phagocytes of old mice
increase in comparison to that of adult animals (De la
Fuente et al. 2002, Guayerbas et al. 2002a), although
we have found opposite results (De la Fuente et al.
2004b, 2011a). In previous work we have observed
increased levels of intracellular superoxide anion in
macrophages from adult mice after in vitro treatment
with NAC (Del Rio et al. 1998, Victor and De la
Fuente 2002). This effect was also found with GSH
(Del Rio et al. 1998), an antioxidant that also
increases neutrophil oxidative burst activity (Atalay
et al. 1996). These results show that the neutralizing
capacity of NAC does not interfere with the

generation of superoxide anion. Thus, it has been
observed that some antioxidants can efficiently
neutralize extracellular phagocyte-derived oxidants
without affecting the bactericidal oxygen radicals
inside the intracellular phagosomes (Jariwalla and
Harakeh 1996). Moreover, antioxidants such as
ascorbic acid increase the activity of the hexose
monophosphate shunt in neutrophils leading to the
synthesis of NADPH, which is needed for the
reduction of molecular oxygen to superoxide anion,
as well as increased NBT reduction (Anderson 1979).
This fact could explain the increments obtained in
both non-stimulated and stimulated cells in the
presence of NAC. Moreover, under appropriate
conditions, superoxide anion can be generated as a
consequence of radical scavenging by thiol
antioxidants like GSH in conditions usually found
intracellularly. Then, superoxide would act as a
radical sink being removed enzymatically by SOD
(Winterbourn 1993). In addition, ingestion of a diet
supplemented with thioproline and NAC increases the
levels of superoxide anion (De la Fuente et al. 2002)
or preserves these levels (Blanco et al. 1999) in the
peritoneal leukocytes from adult mice.

With respect to the adherence and chemotaxis of
lymphocytes – two functions that these cells share
with phagocytes – the changes with ageing were
similar to those in macrophages. In previous studies
we have also observed an age-related increase of
adherence and a decrease of chemotaxis in
lymphocytes from old mice, adult prematurely ageing
mice and old men and women (Guayerbas et al.
2002b, Viveros et al. 2007, Arranz et al. 2008, De la
Fuente et al. 2008, De la Fuente and Miquel 2009).
Similar changes have been shown in peritoneal
lymphocytes from mice with endotoxic shock, a
model of an acute oxidative stress situation (De la
Fuente and Victor 2000). The presence of NAC in
vitro, decreased the adherence, at least with 0.1 to
2.5 mM and at 10 min of incubation, but it did not
modify the chemotaxis in lymphocytes from old mice.
It is interesting to consider that in peritoneal
lymphocytes from adult mice, 1 mM of NAC in vitro
increases the adherence capacity of these cells, as
well as their chemotaxis (De la Fuente et al. 2011b).

The role as immuno-modulators of antioxidants,
such as NAC, bringing back altered immune function
to more optimum values, has been observed in
previous studies. Thus, in mice with lethal endotoxic
shock, in which the peritoneal lymphocytes show
increased adherence and depressed chemotaxis, NAC
decreased adherence and increased chemotaxis;
however, this antioxidant increased both functions in
control animals (De la Fuente and Victor 2000).
Moreover, in lymphocytes from chronologically adult
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mice, but with premature ageing, which showed
higher adherence capacity than these cells from the
non prematurely ageing partners, NAC in vitro
decreased this function in cells from the prematurely
ageing but increased the function in those of
non-prematurely ageing animals (Puerto et al. 2002).

In conclusion, our results support the proposal that
NAC acts directly on the leucocytes and that the
positive effects on the immune cell functions shown
after administration of diet supplemented with NAC
could be due, at least in part, to this direct effect and
not only to the increase of intracellular GSH levels
that produce NAC (Arranz et al. 2008). Thus, NAC
may have benefits above other antioxidants, probably
because of both its direct and GSH-mediated effects.
Moreover, NAC increases in vitro, at least with
concentrations of 0.5 mM, the activity of antioxidant
enzymes such as catalase (Pomaki et al. 2005). This
capacity of up-regulation of intracellular antioxidant
defences has been proposed as a better way of
improving the antioxidant status of the organism than
the supplementation with higher amount of
antioxidants (Viña et al. 2007). Thus, the NAC
administration could be proposed as a good strategy
to slow down ageing and therefore, reach a healthy
longevity. However, more studies are required to
clarify if the administration of antioxidants to old
subjects is useful or not to control the rate of ageing.
The results, although in the case of NAC are not as
contradictory as with other antioxidants, are still not
conclusive, and the issue of the amount of antioxidant
effective (Halliwell 2009) need to be investigated
further.
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An Update of the Oxidation-Inflammation Theory of Aging:  
The Involvement of the Immune System in Oxi-Inflamm-Aging 
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Abstract: The aging process is one of the best examples of the effects of a deterioration of homeostasis, since aging is ac-
companied by an impairment of the physiological systems including the homeostatic systems such as the immune system. 
We propose an integrative theory of aging providing answers to the how (oxidation), where first (mitochondria of differ-
entiated cells) and why (pleiotropic genes) this process occurs. In agreement with this oxidation-mitochondrial theory of 
aging, we have observed that the age-related changes of immune functions have as their basis an oxidative and inflamma-
tory stress situation, which has among its intracellular mechanisms the activation of NF�B in immune cells. Moreover, we 
have also observed that several functions of immune cells are good markers of biological age and predictors of longevity. 
Based on the above we have proposed the theory of oxidation-inflammation as the main cause of aging. Accordingly, the 
chronic oxidative stress that appears with age affects all cells and especially those of the regulatory systems, such as the 
nervous, endocrine and immune systems and the communication between them. This fact prevents an adequate homeosta-
sis and, therefore, the preservation of health. We have also proposed a key involvement of the immune system in the aging 
process of the organism, concretely in the rate of aging, since there is a relation between the redox state and functional ca-
pacity of the immune cells and the longevity of individuals. Moreover, the role of the immune system in senescence could 
be of universal application. A confirmation of the central role of the immune system in oxi-inflamm-aging is that the ad-
ministration of adequate amounts of antioxidants in the diet, improves the immune functions, decreasing their oxidative 
stress, and consequently increases the longevity of the subjects.  

Key Words: Aging, oxidative stress, inflammation, immune system, oxi-inflamm-aging, antioxidants. 

INTRODUCTION 

 Although in a now classic article published in 1957 
Medawar [1] describes “aging” as an “unsolved problem of 
biology”, the great amount of research carried out since that 
time allows us to approach an understanding of aging. How-
ever, often if an excess of information is not well under-
stood, it can blur the field of study and lead to wrong conclu-
sions. In this review, after a brief exposition of the general 
characteristics of aging, the difference between maximum 
and mean longevity, and the theories that have tried to ex-
plain this biological process, we suggest an integrative the-
ory of aging in which the vulnerability of the mitochondrial 
genome to oxidative injury in differentiated postmitotic cells 
[2,3] has a key relevance. Moreover, we define more clearly 
our oxidation-inflammation theory and the role that the im-
mune system can have modulating the rate of aging [4,5]. 
Since immune cells are present in all animals, this role of the 
immune system can be of universal application. We suggest 
an evolutionary mechanism for the involvement of the im-
mune system in oxi-inflamm-aging. Health maintenance, 
which is the base of a functional longevity, depends on the 
preservation of homeostasis, and balance at all physiological 
levels, the typical characteristic of homeostasis, is more dif-
ficult to maintain with aging. In fact, the homeostatic sys-
tems such as the nervous, endocrine and immune systems 
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suffer an impairment with aging. This loss of homeostasis is 
established at a different rate in each subject, which is shown 
by a different biological age. Moreover, this rate is the result 
of individual epigenetic mechanisms acting on genes, from 
fetal life, throughout the life of the subject (Fig. 1). 

 Aging can be neither “cured” nor “eliminated”, it can 
only be mitigated, i.e.: to make the process slower. This is 
possible through the modulation of environmental factors 
such as nutrition. Thus, based on the oxidation-inflammation 
that underlies the aging process, the administration of ade-
quate amount of antioxidants, which also show anti-infla- 
mmatory properties, could be a good strategy to avoid the 
excessive oxidative and inflammatory stress of aging and, 
consequently to improve health and increase longevity. Since 
the immune function is a good marker of health and biologi-
cal age and a predictor of longevity, the effects of strategies 
using environmental factors or life style, such as the ade-
quate ingestion of antioxidants, can be analyzed through the 
study of this homeostatic immune system. The last part of 
this review collects information in this regard and we present 
original data on the effects in vitro of thiolic antioxidants on 
several functions of lymphocytes from old mice.  

CHARACTERISTICS OF THE AGING PROCESS  

 The aging process is one of the best examples of the ef-
fects of an impaired homeostasis. Thus, aging may be de-
fined as a progressive and general decrease of the organism 
functions that leads to a lower ability to adaptively react to  
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Fig. (1). How a good and long mean longevity can be reached?. 
The base of a functional longevity is health maintenance and this 
depends on preservation of homeostasis (balance at all physiologi-
cal levels). This health preservation depends on the genes (ap-
proximately in a proportion of 25%) and on the style of life and 
environmental factors (in a 75 %). With aging it is more difficult to 
maintain the homeostais as a consequence of deterioration of the 
regulatory systems. This loss of homeostasis is established at dif-
ferent rate in each subject, and this rate is the result of individual 
epigenetic mechanisms acting on genes from fetal life throughout 
the life of the subject. Since the functions and redox states of the 
immune system are good markers of health and predictors of lon-
gevity, we propose their study in order to determine each particular 
rate of aging and its response to changes in the style of life and 
environmental factors.  

changes and preserve homeostasis. This accumulation of 
adverse changes with the passing of time increases the risk 
of disease and finally results in death. Thus, although aging 
should not be considered a disease, it strongly increases the 
chances of suffering many degenerative diseases. As Strehler 

[6] pointed out, there are four rules that define aging. It is 
universal (practically all animal species including the meta-
zoans showing sexual reproduction suffer aging), progres-
sive (the rate of aging is similar at different ages after the 
adult state), intrinsic (the causes that are the origin of aging 
must be endogenous, since even if animals are exposed to 
optimal environmental conditions throughout life, they still 
experience the aging process at the rate characteristic for 
their species) and deleterious (aging is obviously detrimental 
to the individuals since it leads to their death; however, at the 
species level, the detrimental character of aging could be 
argued since it is counteracted by a continuous replacement 
of the members of the population).  

 The consequences of aging involve a loss of efficiency in 
all physiological functions, but they are especially related to 
a decreased capacity to maintain the homeostasis in the indi-
viduals. An example of this is the lower capacity of elderly 
persons to endure extreme temperatures, infections or in 
general the situations in which stress occurs. If the principal 
characteristic of a healthy organism is to maintain the func-
tional balance at all levels, with aging this balance fails.  

THE LONGEVITY 
 The aging process is finished at the end of the maximum 
lifespan or maximum longevity (the maximum time that a 

subject belonging to a determined species can live), that for 
instance in human beings is about 122 years whereas in 
mouse and rat strains is only 3 and 4 years, respectively. It is 
very important to distinguish this longevity from the mean 
longevity, which can be defined as the mean of the time that 
the members of a population that have been born on the 
same date live. The maximum longevity is fixed in each spe-
cies, but the life span of individual organisms, even when 
they are of the same genotype and are raised in a common 
environment protected from extrinsic hazards, shows marked 
variability [7]. Although presently it is impossible to in-
crease the maximum longevity, the mean lifespan can be 
increased by environmental factors and in human beings by 
factors of style of life that allow the maintenance of good 
health and to achive the maximum lifespan in good condi-
tion. Thus, presently, human aging is a problem in developed 
countries because the mean lifespan or mean longevity is 
very high, about 75-83 years. Since we start the aging proc-
ess at about 18 years of age, we spend most of the time in 
our life aging. For this reason it is very important to know 
which factors of life style can increase that longevity and 
how they can do it. A higher mean longevity is achieved by 
preservation of good health, and this depends on the genes, 
in 25% approximately, and on the style of life and environ-
mental factors, in 75 % [8] (Fig. 1). 

THEORIES OF AGING 

 The answers to the key questions in gerontology such as 
how does aging happen?, where does aging start? and why 
does aging occur?, have stimulated so much speculation as to 
justify the cynical comment that there are as many theories 
of aging as there are gerontologists. Thus, as a consequence 
of the great complexity of the changes associated with se-
nescence, more than 300 theories have been proposed to ex-
plain the process of aging [9]. Presently, most of these theo-
ries of aging mentioned by Medvedev in his review pub-
lished in 1990 have been abandoned since they do not agree 
with the data from research on humans and laboratory ani-
mals, whereas other theories find acceptance and research 
support.  

 Although the theories of senescence proposed are too 
numerous to enumerate and several kinds of classifications 
of these theories have been published [10,11], we feel that 
most of those theories can be joined in three groups. The 
theories in one of these groups, “the genetic program theo-
ries”, propose that aging is the result of a purposeful pro-
gram driven by the genes. In another group are “the epige-
netic theories”, which indicate that aging is the result of 
events that are not guided by a program but are stochastic or 
random events not genetically programmed. The third group 
corresponds to “the evolutionary theories” of aging, which 
do not try to explain the mechanism of aging, but instead 
attempt to explain why the aging process occurs and the rea-
son for the different rates of aging in the different species. In 
the first group we can include those theories proposing the 
existence of specific genes of longevity and theories of exis-
tence of biological clocks for aging. Among the latest, the 
theory of Hayflick, for example, is based on the idea that the 
somatic cells with replicative potential possess a “mitotic 
clock” that fixes their maximum lifespan [12]. Since the es-
tablishment of this “Hayflick limit” the terms replicative 
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senescence, cellular senescence and cellular aging have be-
come synonymous. This theory and “the shortening te-
lomere” theory (telomere attrition occurs with each round of 
cell division) [9,13] have to be considered possible explana-
tions of cell differentiation processes or replicative cellular 
senescence, but not the base of organism aging. In the epige-
netic group, it is possible to include several groups of theo-
ries such as: a) molecular structural stabilization and cross-
linkage theories; b) metabolic theories (aging can be consid-
ered "a side effect" of aerobic metabolism: "wear- and- tear" 
or disorganization, rate-of-living, oxidation, damage by free 
radicals, mitochondrial injury) [9,11,14]; c) physiological 
theories of aging in which the neuroendocrine and the im-
munological theories are included [9]. In the group of evolu-
tionary theories we can mention theories such as the risk of 
depredation, duration of development and rate of reproduc-
tion, among others [9,10], and the first evolutionary theory 
of senescence that was suggested by Weissman [9,15] con-
sidering aging necessary for the disposal of the mortal soma 
in order to prevent organisms competing with their progeny 
for food and space.  
 Presently, despite published claims to the contrary there 
is no direct evidence that only the genes drive age changes. 
Even researchers following genetic theories in the past are 
now defenders of the idea that the aging process, which ap-
pears after reproductive maturation, is driven by random 
events not gene-programmed [16]. In conclusion, most theo-
ries of aging explain events that are consequence of the ag-
ing process but not their cause. Several of the epigenetic and 
evolutionary theories are useful to try to solve the puzzle of 
aging and we will use them further to elaborate an integrated 
theory of aging.  

THE FREE RADICAL, OXIDATIVE AND MITO-
CHONDRIAL THEORIES OF AGING 

 Among all the aging theories the free-radical concept 
proposed by Harman [17] attracts a great deal of attention 
and is probably now the most widely accepted to explain 
how the aging process occurs. This epigenetic theory, that 
has been further developed by several researchers [18-21] 
including Miquel et al. [2-3] (the contributions of which are 
dealt with in more detail in the following section), proposes 
that aging is the consequence of the accumulation of damage 
by deleterious oxidation in biomolecules caused by the high 
reactivity of the free radicals and reactive oxygen species 
(ROS) produced in our cells as a result of the necessary use 
of oxygen. Since oxygen is mainly used in respiration to 
support the life-maintaining metabolic processes, the mito-
chondria, and more concretely their DNA (mtDNA), are 
probably the first target of this oxidation. As first pointed out 
by Miquel et al. [2,3,22], it is in the fixed post-mitotic cells, 
that can not regenerate fully these organelles, where the ag-
ing process starts.  
 Very important findings that complement the fundamen-
tal tenets of the free radical theory of aging are that the rate 
of mitochondrial oxygen radical generation, as well as the 
degree of membrane fatty acid unsaturation, and the oxida-
tive damage to mtDNA are lower in the long-lived than in 
the short-lived species [20,23]. In any case mitochondrial 
injury by free radicals and loss of bioenergetic competence 

occur, which lead to aging and death of cells and therefore of 
the organism [24].  
 As an example of the degree of acceptance of the above 
and related concepts, we can cite some comments by Beck-
man and Ames [25] in a widely cited review: “The free radi-
cal theory of aging, conceived in 1956, has turned 40 and is 
rapidly attracting the interest of the mainstream of biologi-
cal research (…). During the past decade several lines of 
research have convinced a number of scientists that oxidants 
play a role in aging”. We fully agree with the above and 
believe it useful to review briefly the lines of research on 
“residual oxygen toxicity that overwhelm antioxidant de-
fenses” by Gerschman [18], the “mitochondrial theories of 
aging” by Harman [17] and Miquel et al. [2], and the “oxy-
gen radical-mitochondrial injury hypothesis of cell aging” 
[3]. 
 In agreement with all the above oxidation-related theo-
retical concepts, the cells, in order to protect themselves 
against oxygen toxicity, have developed a variety of antioxi-
dant mechanisms that prevent the formation of ROS or neu-
tralize them after they are produced. However, these defen-
sive systems are not perfect, and thus when the amount of 
ROS exceeds the antioxidant protection, an oxidative stress 
situation appears with resulting cell injury [26]. Despite the 
above, we should consider that oxygen is essential for life 
and that ROS, in certain amounts, are needed for many 
physiological processes that are essential for our survival 
[27,28]. Therefore, the functions of our organism are based 
on a perfect balance between the levels of ROS and those of 
antioxidants. It is the loss of this balance, because of an ex-
cess in the production of ROS or an insufficient availability 
of antioxidants, which leads to the oxidative stress, espe-
cially in the mitochondria of differentiated cells (as reviewed 
in more detail below) which underlies ROS-related diseases 
and aging [21] (Fig. 2).  

THE OXYGEN STRESS-MITOCHONDRIAL INJURY 
THEORY OF FIXED POSTMITOTIC AND DIFFER-
ENTIATED CELL AGING 

  The electron-microscopic finding of a striking age-
related mitochondrial loss (and resulting accumulation of the 
age pigment lipofuscin) in the somatic tissues of the insect 
Drosophila melanogaster, as well as in the fixed post-mitotic 
Leydig and Sertoli cells of the mouse testis justified the pro-
posal of an oxygen stress-mitochondrial injury theory of ag-
ing. Now this concept attracts a great deal of attention since, 
according to more recent work, the damage caused by ROS 
to mitochondrial ATP synthesis not only plays a key role in 
cell aging, but also in the fundamental cellular process of 
apoptosis.  
  This oxygen stress-mitochondrial theory proposed by 
Miquel and Fleming [3] and Miquel [22,29] maintains that 
the ROS released in the respiratory chain injure the genome 
and membranes of the differentiated cells that lack the or-
ganelle-regenerating power of frequent mitosis. More con-
cretely, the theory proposes that because of the oxidative and 
mutagenic environment, and the vulnerability of the mito-
chondrial genes (that lack the protection by histones) the 
mitochondria of fixed postmitotic cells (and to a lesser de-
gree those of other differentiated cells) suffer accumulating 
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mtDNA and membrane damage. These genetic and structural 
injuries impair the maintenance, renewal and function of the 
mitochondria, with resulting bioenergetic decline and pro-
gressive loss of somatic physiological functions. 
 This oxygen stress-mitochondrial theory of aging is sup-
ported by the research findings from the laboratory of 
Miquel summarized in Table 1 [3,30-37], and is in agree-
ment with similar concepts published by other authors such 
as Linnane [38] that proposed “mitochondrial DNA muta-
tions as an important contributor to ageing and degenerative 
diseases” and Kowald and Kirkwood [39], who linked aging 
to “accumulation of damaged mitochondria through delayed 
degradation of damaged organelles (…) in fixed post mitotic 
and dividing cells”. 

THE INTEGRATED THEORY OF AGING: HOW, 
WHERE AND WHY OF AGING 

 The most widely accepted theories of aging offer partial 
explanations of the causes and effects of this process, which 
is similar at the different levels of biological organization 

(molecular, cellular and physiological) in human subjects 
and in all multicellular animals. Since the aging process is 
very complex, a theory based on only one mechanism can 
not offer a satisfactory explanation of all its aspects. This 
justifies the proposal of a theory that integrates early con-
cepts that offer partial explanations of the mechanism of 
aging with others more recent [2,14,15,17-19,40-42] (Table 
2). Thus, although recently it has been pointed out that “the 
senescence in vivo remains to be fully determined” [43], we 
have proposed an integrated theory that attempts to reply to 
the three important questions of biogerontology: “the how”, 
“the where” and “the why” of aging. We propose regarding 
the how that the aging process is linked to the oxidation pro-
duced by the oxidative stress, which is at the base of the 
many age-related changes which affect a large number of 
parameters including morphology, physiology and behaviour 
at all levels of organization: molecular, cellular, tissue, or-
ganic and that of the whole individual. We also suggest a 
reasonable answer to the question of where aging starts: in 
the mitochondria from fixed differentiated cells. And why 
does aging happen?. The answer seems to be found in sev-

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (2). The aging theory of oxidation. Aging is the consequence of accumulation of oxidative damage in biomolecules caused by the high 
reactivity of the free radicals and reactive oxygen species (ROS) produced in our cells, especially in mitochondria, as a result of the neces-
sary use of oxygen. The immune cells also produce important levels of ROS. The first oxygen free radical appearing in cells is the superox-
ide anion (O2

-.), which produces hydrogen peroxide (H2O2) and hydroxil radical (OH.), the most reactive free radical, which carries out the 
oxidation of biomolecules such as proteins, lipids and DNA. Cells, in order to protect themselves against oxygen toxicity, have developed a 
variety of antioxidant mechanisms that prevent the formation of ROS or neutralize them after they are produced. Thus, superoxide dismutase 
(SOD) catalyzes the inactivation of superoxide anion and catalase (CAT) inactivates hydrogen peroxide. The reduced glutathione (GSH) is 
the most important antioxidant in the organism and neutralizes peroxides using glutathione peroxidase (GPx) and in this action it is trans-
formed to oxidized glutathione (GSSG). The antioxidant enzyme glutathione reductase (GR) is used to catalyze the reduction of glutathione. 
We should considerer that oxygen is essential for life and that ROS, in certain amounts, are needed for many physiological processes, which 
are essential for our survival. Therefore, the functions of our organism are based on a perfect balance between the levels of ROS and those of 
antioxidants. However, with aging a loss of the balance appears, with an excess in the production of ROS or an insufficient availability of 
antioxidants, which leads to the oxidative stress. This situation of oxidative stress results in oxidative cell injury, which at the mitochondrial 
level causes a loss of bioenergetic competence, and therefore a worse function of cells.  



An Update of the Oxidation-Inflammation Theory of Aging Current Pharmaceutical Design, 2009, Vol. 15, No. 26    3007 

eral evolutionary theories and related concepts published 
long time ago. Thus, we agree with the concept of Williams 
[42] that aging is a consequence of characters selected by 
evolution as an advantage for the young subjects of the spe-
cies allowing them to reach the reproductive age in the best 
condition and thus preserve these species, but are a disadvan-
tage for old subjects. Thus, selection acts before the adult 
age and the maintenance of the species is more relevant bio-
logically than the longevity of the individuals. 
 Moreover, we state that aging results from the differen-
tiation process shown by somatic cells, especially those un-

able to divide such as most neurons, in contrast to germ 
cells. This process is linked to the appearance of mitochon-
dria with very high levels of oxygen consumption and result-
ing oxidative damage to their molecules, especially to 
mtDNA. The resulting loss of bioenergetic competence and 
physiological performance is involved in the senescence and 
death of the members of the metazoan species, the genes of 
which, housed in a series of “disposable somas” [44], have 
an unlimited survival in their normal habitat thanks to sexual 
reproduction. Thus, senescence is the "price” paid by meta-
zoans for the appearance in biological evolution of differen-
tiated cells, the mitochondrial genome of which is quite vul-

Table 1. Research from the Laboratory of Miquel Supporting His Oxygen Stress-Mitochondrial Injury Theory of Aging of Fixed 
Postmitotic and Other Differentiated Cells 

a) Age pigment (lipofuscin, a waste product from mitochondrial-membrane lipid peroxidation) is found in the fixed postmitotic cells of an invertebrate, 
namely aged Drosophila melanogaster [30].  

b) In mouse testis, in contrast to the lack of lipofuscin (LF) in the dividing spermatogonia, LF and mitochondrial damage occur in the fixed potmitotic 
Leydig and Sertoli cells [31]. 

c) An increased aerobic metabolism, such as caused by moderately high temperatures increases the rate of Drosophila aging (as shown by an accelerated 
loss of physiological performance and increased age pigment accumulation) without changing its total O2 use throughout life, despite the striking dif-
ferences in maximal life span [32]. 

d) A comparative study of three normal strains of D.melanogaster shows that their maximal lifespan is inversely proportional to their respiration rate [33].  

e) Aging changes the physico-chemical characteristics of the membrane lipids of Drosophila mitochondria and modulates their respiratory capacity [34].  

f) When housed in a space vehicle, drosophilas stressed by being unable to control their flight in the situation of weightlessness increase their respiration, 
with resulting premature aging [3].  

g) Aged drosophilas do not sythesize abnormal proteins although there is a decrease in general protein synthesis. This provides support for the mitochon-
drial-bioenergetic concepts of aging by ruling out theories that propose nuclear DNA mutations as the key mechanism of aging [35].  

h) The administration in the diet of thiazolidine carboxylic acid or tioproline, a normal component of liver mitochondria and precursor of reduced glu-
tathione increases the life span of D. melanogaster [36]. 

i) Aging of mouse brain results in an impairment of oxidative phosphorylation as well as a decrease in the activity of cytochrome c oxidase and glu-
tathione in synaptic mitochondria [37]. 

 
Table 2. Selection of Theories of Aging Related to Cell Differentiation, Metabolic Rate, Free Radicals, Oxygen Stress and Mito-

chondrial Injury, that Focus on the Aging Process at Several Levels of Biological Organization and are the Basis of Our 
Integrative Theory of Senescence 

Author  Year of Publication  Key Concept / Cause of Aging  References 

Weissman 1891 Division of work between immortal proliferating germ cells and somatic working and se-
nescing cells [15] 

Minot  1907  Price paid for cell differentiation [41] 

Pearl  1928  Side effect of metabolism  [14] 

Harman 
1956 
 1972  

Damage by free radicals (that injure all cell types) 
The mitochondria as the “biological clock” of aging 

[17] 
[19] 

Williams 1957 Genes that program the organism for maximal vigor at the age of reproduction but have 
noxious effects afterwards [42] 

Gerschman  1962  Toxicity of oxygen due to lack of a fully competent antioxidant protection [18] 

Miquel et al. 1980 Oxy-radical injury to the genes and membranes of mitochondria of differentiated and es-
pecially fixed post-mitotic cells. [2] 
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nerable to oxygen free radical attack. It is evident that what 
allows better functions in the age of reproduction, namely 
oxygen utilization for cell energy production, is the main 
cause of functional impairment afterwards. Thus aging 
would be an unprogrammed effect of the high levels of oxi-
dative stress in the differentiated cells, quite irrelevant from 
the viewpoint of species survival through sexual reproduc-
tion.  

BIOLOGICAL AGE, A CONCEPT LINK TO MEAN 
LONGEVITY 

 The aging process is very heterogeneous. Thus, there are 
different rates of physiological changes in the various sys-
tems of the organism and in the diverse members of a popu-
lation of the same chronological age. This justifies the intro-
duction of the concept of “biological age” or “functional 
age”, which is very useful to assess the level of aging experi-
enced by each individual and therefore his life expectancy 
[45]. Since chronological age fails to provide an accurate 
indicator of the aging process [46], and aging is associated 
with a great number of changes at all levels of biological 
organization, there is a need to select parameters that are 
useful as biomarkers of aging. The most complete investiga-
tion on biological age was performed by Borkan and Norris 
[47], on over one thousand men, in the longitudinal study on 
human aging of the Gerontological Center of Baltimore. The 
retrospective analysis of this study showed that the subjects 
presenting certain parameters “more aged” than those found 
in the majority of the subjects of the same chronological age 
had a shorter life expectancy. These biomarkers include 
those related to respiratory function, systolic arterial tension 
and reaction times determined by psychometric tests. Al-
though the concept of biological aging has been investigated 
since the 1970s, most studies mainly selected a profile of 
physical parameters, including some physiological and bio-
chemical parameters, and in spite of recent attempt to extend 
the kinds of parameters of biological age [48], the proposals 
are still incomplete and not very concrete. Thus, most re-
search on biological age did not include immune parameters. 
Since the immune function is a marker of health and longev-
ity [49] and a positive relation has been shown between a 
good function of several immune cells and longevity [50-
56], presently several immune parameters are considered 
essential and very representative of the “true” biological age 
of a subject and thus, they can be considered appropriate 
biomarkers of biological age (as reviewed in more detail 
below).  

THE IMMUNE SYSTEM AS A HOMEOSTATIC SYS-
TEM 

 The immune system is one of the regulatory systems of 
the organism. The immune system is a remarkably versatile 
defense system that has evolved to protect animals from in-
fectious agents (e.g. bacteria, virus, fungi, parasites, etc) and 
malignant cells. This activity is carried out, from the birth of 
individuals, via different components such as epithelial bar-
riers, immune cells and immune molecules, which act to-
gether in a dynamic network, the complexity of which, rivals 
that of the nervous system. The immune system is constantly 
active in order to discriminate between “non-self” and “self” 
and thus, destroy the non-self.  

 Two types of immunity protect the body: 1) Innate (or 
natural, non specific) and 2) adaptive (or acquired, specific). 
1) Innate immunity is present already at birth and provides 
the first barrier against invaders. If pathogens pass the 
epithelial and mucosal barriers, cells of the innate immunity 
such as monocytes, macrophages, neutrophils and dendritic 
cells, come into play to rapidly eliminate them, and hence 
contain the infections. In addition, NK cells are implicated 
also in the control of infections and resistance to tumors. The 
basic signalling receptors of the innate immune cells in the 
recognition of pathogens are the Toll-like receptors (TLR), 
which detect a broad range of molecular patterns that are 
commonly found on pathogens, called pathogen-associated 
molecular patterns (PAMPs). 2) Adaptive immunity is a 
more sophisticated immunity acting when the innate defense 
cannot clear the infection in a short time. This immunity 
involves the specific recognition of antigens (molecules of 
pathogens or tumoral cells recognized as foreign). The cells 
of adaptive immunity, the lymphocytes, both T cells and B 
cells, carry receptors on their surface and they recognize 
antigens, either presented by an antigen-presenting cell or 
free in extracellular fluids. There are three kinds of T cells: 
A) Cytotoxic T cells (Tc), that express the surface protein 
marker CD8+, which directly kill infected cells and tumor 
cells. B) Helper T cells (Th), expressing CD4+ as the surface 
marker, which aid B and other T cells to do their work. 
These cells can be type 1 (Th1) and type 2 (Th2). The Th1 
promote cell-mediated reaction providing effective defense 
against intracellular pathogens. The Th2 activate humoral 
immunity with antibody production. C) Regulatory T cells 
(Treg), which suppress the activity of lymphocytes to pre-
vent their overreaction. Communication within adaptive im-
munity and between innate and acquired systems requires 
direct cell-to-cell interactions as well as the production of 
chemical messengers such as cytokines.  

 The three steps of the mechanisms of the immune re-
sponse are: 1) Recognition of antigens (the immune system 
is able to recognize subtle chemical differences that distin-
guish one foreign pathogen from another, as well as to dis-
criminate between foreign molecules and the own cells and 
proteins). 2) Activation and regulation of this activation (af-
ter the recognition of antigens, the immune system recruits a 
variety of cells an molecules to mount an appropriate re-
sponse; thus the proliferation of specific lymphocytes and 
the production of cytokines are key activities in this step). 
The regulation of the activation is a key to obtain perfect 
results, since an inappropriate regulation, both by decreased 
or increased activation, leads to illness. 3) Effector response 
to eliminate or neutralize the antigens. In this effector re-
sponse an inflammatory situation is generated. The effector 
cells are then destroyed, but the memory cells are produced 
in the activation step and thus, although they do not act at 
that moment, they are maintained in the organism. A later 
exposure to the same foreign organism induces a memory 
response, characterized by a more rapid and heightened im-
mune reaction that serves to eliminate the pathogen and pre-
vent disease.  

 In view of the above, it is possible to understand that the 
immune system contributes to homeostasis recognizing and 
eliminating foreign and altered self-antigens, thus maintain-
ing the appropriate cell types and molecules that constitute 
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the tissues and organs. Moreover, this system with its cells 
and mediators contributes to the maintenance of the correct 
functions of the body [4,5,56]. Thus, the appropriate function 
of the immune system has been considered the best marker 
of health and longevity [5,49,56].  

OXIDATION AND INFLAMMATION AS RELATED 
HOMEOSTATIC MECHANISMS OF THE IMMUNE 
RESPONSE 
 We should considerer that the immune cells need to pro-
duce free radicals and other oxidant and inflammatory com-
pounds in order to perform their defensive functions [4,5,27, 
28]. Thus, one type of action of cells involved in host de-
fense consists ROS production of as chemical weapons to 
incapacitate pathogens and malignant cells. In addition, gene 
expression can be modulated by ROS, regulating the biosyn-
thesis of antibodies or cytokines and other immune media-
tors. However, ROS produced in relatively high concentra-
tion cause cellular damage as mentioned above. Thus, ROS 
stimulate immune functions such as proliferation or produce 
cellular damage, depending on their specific concentration 
[28]. The immune cells need to produce the adequate levels 
of ROS to carry out their defensive function, but an excess of 
ROS can cause damage to immune cells, even more consid-
ering that the membrane characteristics of these cells make 
them very vulnerable to oxidative damage [4,27,57]. There-
fore, if any cell needs to maintain a balance between the pro-
duction of oxidants and the antioxidant defense in order to 
prevent an excess of the first and the resulting oxidative 
stress, this balance is even more essential to preserve the 
functional capacity of immune cells and, therefore, the health 
of the organism (Fig. 3).  
 Emerging evidence shows the close link between oxida-
tion and inflammation since excessive or uncontrolled free 
radical production can induce an inflammatory response, and 
free radicals are inflammation effectors [58]. In fact, an in-
flammation occurs when of the immune system responds to 
the invasion of pathogens. Thus, inflammation is not per se a 
negative phenomenon, since it is needed to maintain life 
through a constant struggle to preserve the integrity of the 
individuals. However, if the levels of inflammatory com-
pounds exceed the control of anti-inflammatory compounds, 
an inbalance appears and the situation of inflammation is 
established. There is an extensive list of pathological proc-
esses, such as hypertension and endothelial dysfunction [4, 
59], atherosclerosis [60] and neurodegenerative diseases [61] 
that are now considered to include in their pathogenesis not 
only an oxidative process, but also an inflammatory compo-
nent. Thus, a balance of pro-inflammatory compounds, 
needed to cope with damaging agents and crucial for sur-
vival, and anti-inflammatory markers is also essential for an 
appropriate immune function, health condition and success-
ful aging [62-64]. Again, a balance is necessary, to avoid 
inflammatory stress (Fig. 3).  

Homeostatic and Anti-Homeostatic Functions of the Im-
mune System 
 Considering all the facts indicated above we have exten-
sive evidence of the homeostatic role of the immune system. 
Interestingly, Besedovsky and Del Rey [65] proposed the 
idea that the immune system shows also anti-homeostatic 

functions, contributing with these to natural selection. Thus, 
homeostasis, as a product of natural selection, contributes to 
evolution as long as the survival of one individual would not 
threaten the survival of other members of the species and 
thus of the species itself. For example, an individual infected 
by pathogenic microorganisms may not only have his own 
life compromised but might also be a vector capable of 
transmitting this agent to other healthy individuals. The 
longer that infected individual survives, the higher is the 
threat to the species. Therefore, there are conditions in which 
immune mediated homeostasis enters into conflict with evo-
lution. The conflict of interest between immune-mediated 
homeostasis and natural selection may be overcome by 
mechanisms referred to as “anti-homeostatic” functions of 
the immune system. In fact, in recent years it is well known 
that the cause of death of individuals with strong sepsis 
processes is not the infection, but the excessive activation of 
the immune system, which produces high amounts of in-
flammatory and oxidative compounds. If one asks why there 
are no mechanisms efficient enough to prevent the over ex-
pression of genes, the products of which could cause self-
destruction, a possible explanation is that these products may 
mediate processes of “active” negative self-selection exerted 
by the immune system. These processes might have been 
acquired in evolution to limit homeostasis when the survival 
of the individual compromises the survival of other members 
of the species [65].  

IMMUNOSENESCENCE 

 As mentioned above, aging is accompanied by a decline 
of the physiological systems including the immune func-
tions. In fact, it is well known that with the passage of time 
there is a decrease in the resistance to infections and an in-
crease in autoimmune processes and cancer, which indicates 
the presence of a less competent immune system. In fact, the 
increased death rate found in aged populations is due in great 
proportion to infectious processes [66]. Thus, there is an 
impairment of the immune system with age, which exerts a 
great influence on the increasing morbidity and mortality 
observed in aging human subjects [49]. However, it is pres-
ently accepted, although there are conflicting observations 
on this subject, that almost every component of the immune 
system undergoes striking age-associated re-structuring. This 
leads to changes that may include enhanced as well as dimin-
ished functions, involving each component of the immune 
system, as well as their interactions [4,5,56, 67-71]. This fact 
is denominated immunosenescence. As has been recently 
indicated, understanding the specific mechanisms and target-
ing interventions are dependent on research to elucidate the 
relationship between frailty-associated impaired immunity 
and immunosenescence in developing an impaired immunity 
[72]. 
 Immunosenescence results in a pronounced decrease in 
T-cell functions, especially in the T-cell helper, which af-
fects humoral immunity and causes an impaired B-cell func-
tion [69,70,73]. However, not all immune cell types or all 
functions of an immune cell show a significant decrease. In 
fact, several cell types and functions of a cell are more acti-
vated with age whereas other types and functions do not 
show significant age-related changes. Thus, a cell type which 
has been relatively neglected in studies of age and immunity 
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is the Treg subset. With age these cells maintain their func-
tion capacity but increase in number, and this could explain 
the greater suppressive activity in the elderly [74,75]. The 
age-related alterations in the cells from innate immunity 
have been less studied than those of lymphocytes. Although 
the evidence accumulated over the last decade supports the 
profound impact of aging on this immunity, the results ob-
tained on the age-related changes of the functions of cells 
from innate immunity are often contradictory [5,67,68,76-
80]. In general, the NK cells, one of the cellular mediators of 
innate defence more extensively studied in the elderly, show 
a decreased cytotoxicity and cytokine production [76,79]. 
The NKT cells also change in number and function with age 
[80]. The phagocytic cells such as neutrophils and macro-
phages show a significant decrease in several of their func-
tions [5,54,55,57,76-80]. Thus, although phagocytes, the 
age-related changes of phagocytes, which were studied by us 
for a long time [81], were thought to play a less critical role 
in the immune dysfunction that occurs throughout aging. 
Nevertheless recent studies point to the general decline in the 
functional activities of these cells as one major reason for the 
susceptibility and vulnerability to bacterial and viral infec-
tions among aged subjects, which stand out as the most 
common causes of illness and death in aging [5,76-80]. 
However, several activities of cells from innate immunity 

increase with aging, namely those related with an increase of 
oxidative and inflammatory conditions, which show an im-
pairment in the regulation of this immune response. Adher-
ence capacity to tissues, expression of Toll-like receptors 
such as TLR2 or TLR4, or production of pro-inflammatory 
cytokines are increased with aging [4,5,78,79,82].  
 In addition, since the innate and adaptive immune sys-
tems co-operate to ensure an optimal immune response, we 
have to consider that any decline in innate immunity will 
impact on the function of the adaptive immune system and 
vice-versa [5,76,80,83]. Thus, at the level of a key compo-
nent of T cell immunity such as the antigen presentation, the 
age-related changes in the antigen-presenting cells such as 
macrophages and dendritic cells could play a relevant role in 
the alterations of the initiation and outcome of T cell im-
mune response [76]. Moreover, the dendritic cells have been 
implicated in the age-related change to a predominant Th2 
response instead of the predominant Th1 of the adult [84]. In 
fact, this change from predominant Th1-type to predominant 
Th2-type responses to antigens with an accompanying shift 
in cytokine profiles has been proposed as a mechanism for 
age-related immune dysfunction [73]. 
 Although several of the age-related changes observed in 
the immune response have been attributed to the modifica-

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (3). The oxidative and inflammatory balance support of cellular homeostasis. The cells of the organism produce ROS (especially at 
the mitochondrial level, as consequence of the respiratory chain, but also in the cytoplasmic membrane, as occurs in the immune cells). ROS 
in certain amounts are needed for many physiological processes, which are essential for animal survival, but when the amounts of ROS are 
very high, they lead to oxidative damage. Thus, there are antioxidant (Ax) mechanisms to control that excess, and the balance between ROS 
and antioxidant levels is the base of a preserved cellular homeostasis typical of the healthy adult. With aging there are more ROS and less 
antioxidant compounds available, and the oxidative stress appears. Immune cells produce in their defensive work against pathogens pro-
inflammatory (P-I) compounds, which are involved with the immune response destroying the pathogens. However, the inflammation has to 
be controlled to avoid a chronic situation, and this control is linked to the anti-inflammatory (An-I) compounds. There is a balance between 
inflammatory and anti-inflammatory compounds in the healthy adult that is the base of homeostasis. With aging the level of pro-inflamatory 
compounds increase and it is higher than the level of anti-inflammatory compounds, leading to inflammatory stress. Moreover, oxidation and 
inflammation are two processes very related. Thus, with age an oxi-inflamm-aging appears, which is the base of the loss of homeostasis. 
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tions of immune cell subpopulations with aging [73,85], the 
age-related quantitative variations in a type of immune cell is 
not necessary related with its functions. This is the case for 
NK cells, which increase in number with age but decrease 
their tumoral cytotoxic capacity [73,76,85]. However, the 
presence of a higher ratio of memory lymphocytes with re-
spect to naïve cells could explain the decrease of several 
immune functions [73,84]. Despite the fast increasing 
amount of data on immunosenescence [67-85], the puzzle of 
all the changes in the different aspects of the immune func-
tion with age has not yet been solved, and the specific role 
played by the immune system in aging of the organisms is 
not wholly understood.  

THE PSYCHO - NEURO - ENDOCRINE - IMMUNE 
COMMUNICATION. ALTERATIONS WITH AGING 
 We know that there is a “neuroendocrine-immune” sys-
tem that allows the preservation of homeostasis and therefore 
of health [65,86,87] (Fig. 4). Thus, advances in the field of 
psychoneuroimmunology have shown that the central nerv-
ous system and the immune system are intimately linked and 
do not function as independent systems. Interactions between 
these systems are necessarily complex since each of the sys-
tems is intrinsically complex. Presently it is accepted that 
this communication is based on the following facts: A) Im-
mune, endocrine and neural cells can express receptors for 
cytokines, hormones and neurotransmitters; B) Immune and 
neuroendocrine products coexist in lymphoid, endocrine and 
neural tissue; C) Endocrine and neural mediators can affect 
the immune system; and D) Immune mediators can affect 
endocrine and neural structures [65]. It was suggested that 
the immune system represents a system of reception of in-
formation of non-cognition related stimuli that appear in the 
organism (infections, tumor cells or other types of foreign 
cells) and it responds to those stimuli, accompanied by trans-
fer of that information (by means of the cytokines produced 
by immune cells) to the neuroendocrine system. In addition, 
the neuroendocrine system is a receptor of cognitive stimuli 
(light, sound, stress situations, etc.) to which it responds, and 
its mediators (neurotransmitters and hormones) reach the 
immune system to inform it about the situation [88].  

 The scientific confirmation of this communication has 
allowed us to understand, on the basis of the experimental 
data, a number of facts of everyday life. Thus, it is well 
known that the situations of depression, emotional stress or 
anxiety, provoked for instance by the loss of employment or 
of a close relative, are accompanied by a greater vulnerabil-
ity to conditions ranging from infectious processes to cancer 
or autoimmune diseases. This agrees with the concept that 
the immune system is impaired, and results in worse health 
and a shorter life span [53,55,89-91]. By contrast, pleasant 
emotions and an “optimistic outlook” on life help us to over-
come immune system-related diseases and enjoy better over-
all health [92]. Conversely, it has been shown that immune 
system changes such as found in infectious processes alter 
nervous system functions, which can even lead to psychotic 
disorders and neural diseases [93].  

 With age all regulatory systems involved in homeostasis, 
i.e., the nervous, the endocrine and the immune system, as 
well as the communication between them, show an impair- 
 

ment [4,5,94,95] (Fig. 4). This important observation justi-
fied the proposal of another theory of aging, according to 
which the changes in this communication between the im-
mune system and the nervous system (and concomitant loss 
of homeostasis and resistance to stress) is the probable cause 
of physiological senescence [96]. Recent studies of our 
group support that this fact occurs in aging, as well as the 
idea that the impairment of the immune system with aging 
could affect the functions of the other regulatory systems 
through an increased oxidative and inflammatory stress, re-
sulting in the age-related homeostasis alteration and increase 
in morbidity and mortality [4,5]. 
 In relation with the above an inadequate response to 
stress is one of the conditions leading to an acceleration of 
aging accompanied by poor health of the immune system 
and other physiological systems [97-99]. Thus, our group has 
shown that mice with chronic hyperreactivity to stress and 
anxiety show a premature immunosenescence and are prema-
turely aging [100]. We have also observed recently that mice 
exposed to the stressful condition of isolation have behav-
ioural responses that reveal an impairment of cognition, cer-
tain degree of depression and a more evident inmunosenes-
cence than control animals of the same age housed in groups 
(work in the process of publication). Likewise, human sub-
jects suffering chronic anxiety [89,91] or depression show a 
significant premature immunosenescence.  
 It is difficult to determine whether with aging neural 
changes induce immunological changes or an altered im-
mune system induces nervous changes, or whether both 
processes occur simultaneously, which is the most likely 
mechanism according to some authors [95]. In addition, we 
have observed that the in vitro response of immune cells to a 
wide range of neurotransmitter concentrations changes with 
the age of the subject [101-103]. This demonstrates that al-
though the levels of neurotransmitters that come into contact 
with the immune cells are maintained with age, the response 
of the cells of the immune system to them could be different. 
Thus, the communication between those homeostatic sys-
tems deteriorates with age and this justifies the loss of ho-
meostatic capacity and the consequent increase of morbidity 
and mortality that appear with aging [4,5] (Fig. 4). 

THE IMMUNE SYSTEM, A MARKER OF BIOLOGI-
CAL AGE AND PREDICTOR OF LONGEVITY 
 It has been demonstrated that the competence of the im-
mune system is an excellent marker of health [49] and sev-
eral age-related changes in immune functions have been 
linked to longevity [4,5,50-57]. Thus, the levels of immu-
nological parameters such as excess of CD8+ CD27- CD28- T 
cells, low T cell proliferative responses in vitro and low in-
terleukine-2 (IL-2) secretion predicted mortality, together 
with increased IL-6 levels and a CD4: CD8 ratio <1 define 
“Immune Risk Profile” in humans [104]. Based on the 
above, we decided to find out if some immune functions 
could be useful as markers of biological age or “biomarkers” 
and therefore as predictors of longevity. We felt that this 
project was worthwhile since biological age is a more ade-
quate parameter than chronological age to measure the rate 
of aging of a subject, although very seldom the proposed 
batteries of biomarkers have included immune functions.  
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Fig. (4). Regulatory systems and aging. With aging there is an 
impairment of the regulatory systems, namely the nervous, the en-
docrine and the immune system as well as of the neuro-endocrine-
immune communication. These age-related alterations lead to loss 
of homeostasis and therefore to the age-related increase in morbid-
ity and mortality. 

 Among all functions of immune cells we have focused on 
those listed in Table 3. Thus, in lymphocytes: their ability to 
adhere to the vascular endothelia, migrate towards the site of 
antigen recognition (chemotaxis), proliferate in response to 
mitogens and release cytokines such as IL-2. In phagocytes: 
different step of their phagocytic process such as the adher-
ence to tissues, the chemotaxis, the ingestion or phagocytosis 
of foreign particles and the destruction of pathogens by 
means of the intracellular production of free radicals such as 
the superoxide anion and other ROS located in the 
phagosome of these cells. Furthermore, we have analyzed 
the capacity of NK cells to destroy tumoral cells of the same 
animal species being investigated. The same parameters as 
above have been determined in the various decades of life of 
human subjects from the adult age of twenty until eighty in 
leukocytes of peripheral blood, and throughout the life of 
mice in their peritoneal leukocytes. These longitudinal stud-
ies, which despite their high cost, can be carried out on mice 
(that have a mean life span of two years), are almost impos-
sible to perform on human subjects. Surprisingly our results 
have shown that in the members of both species similar age-
related changes of the above mentioned immune parameters 
occur. Thus, with aging there is a decrease of functions such 
as the lymphoproliferative response and the NK activity that 
protect us against tumoral cells. There is also a decline of the 
IL-2, as well as of chemotaxis, phagocytosis and adequate 
levels of ROS in the phagosomes. In addition, there is an 
increase of the functions that could become noxious, if active 
in excess. For instance an excessive activation of adherence 
of immune cells to tissue may prevent their arrival to the site 
where they have to perform their organism-protecting task. 
Also there is an increase with age in other immune functions 
potentially harmful that will be dealt with below, such as the 
extra-cellular release of superoxide anion and pro-inflamma- 
tory cytokines like TNF� [4,5,57] (Table 3).  
 In order to identify the above parameters as markers of 
biological age and predictors of longevity we need to dem-
onstrate that the levels that they show in particular subjects 
reveal their real health and senescent conditions. This has 
been achieved in the following two ways:  

A) Ascertaining that the individuals with those parameters 
showing levels older than those of most subjects of the 
same population, sex and chronological age die before 
their counterparts. The confirmation that a premature 
immunosenescence in those parameters may predict a 
premature death can be tested only in experimental ani-
mals. This was performed using a model of premature 
senescence in mice proposed by our group. The animals 
that we have denominated PAM (prematurely aging 
mice), in contrast to the NPAM (nonprematurely aging 
mice) of the same population, sex and chronological age, 
are identified by their poor response in a simple T-maze 
exploration test. This provides strong support for the 
concept that the nervous and the immune systems are 
closely linked. In mice with premature aging we have ob-
served that the above mentioned immune functions show 
levels characteristic of older mice. In addition, to a more 
significant immunosenescence, the PAM showed high 
levels of anxiety and a brain neurochemistry characteris-
tic of older animals. Nevertheless the most convincing 
evidence that the immune parameters studied are useful 
markers of biological age is that the PAM showed a 
shorter life span than their counterpart NPAM of the 
same sex and chronological age [5,54,55,100] (Table 3). 

B)  An additional way to confirm the key role of the immune 
system in health and longevity is the finding that subjects 
reaching a very advanced age preserve the immune func-
tions at levels similar to those of the adults. This has been 
shown in both humans and experimental animals such as 
mice. In human subjects our group has ascertained that in 
healthy centenarians the above mentioned immune func-
tions perform as well as in young-adults (30-year old) 
and much better than in 70-year old human subjects 
[105]. A similar finding has been obtained on peritoneal 
immune cells of very long-living mice [103].  

 All the above results confirm that the immune system is a 
good marker of biological age and a predictor of longevity. 
Moreover, since the evolution of the parameters shown in 
Table 3 is similar in mice and human subjects, we can as-
sume that men and women showing the above immune pa-
rameters at the levels of older subjects have a higher biologi-
cal age and a shorter longevity.  

THE ROLE OF OXIDATIVE STRESS AND INFLAM-
MATORY STRESS IN IMMUNOSENESCENCE 
 After knowing the changes that the immune system with 
aging, suffers, at least several of them, it is necessary to con-
sider why immunosenescence occurs. If, as it is generally 
accepted, the mechanisms that underlie aging must be of 
general application, it seems logical to accept that the cause 
of inmunosenescence is the same as that responsible for the 
senescence of the other cells of the organism, namely the 
oxidative disorganization linked to the unavoidable use of 
oxygen to support cellular functions. In addition, as it has 
been mentioned above, there is a close link between oxida-
tive stress and inflammation, and many age-related patholo-
gies are now considered to include in its pathogenesis both 
oxidative and inflammatory processes [58-64]. In fact, the 
levels of pro-inflammatory enzymes and molecules, such as 
cyclooxigenase 2, several cytokines and prostaglandins, in-
crease with age [62]. Moreover, the increase of inflammatory 
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compounds can explain several aspects of immunosenes-
cence [106]. Therefore, aging seems to be associated with an 
oxidative and inflammatory stress [63,64].  
 Trying to answer the question if there is an increased 
oxidative and inflammatory stress in the immune cells with 
aging, our group decided to investigate the age-related 
changes in the redox and inflammatory state of immune 
cells. Thus we have analyzed in immune cells, specially in 
peritoneal leukocytes of mice, but also in neutrophils and 
lymphocytes from peripheral blood of humans, a variety of 
oxidant and inflammatory compounds (extra-cellular super-
oxide anion, oxidized glutathione (GSSG), xantin oxidase 
(XO) activity, TNF-�, IL-6, PGE2), and anti-inflammatory 
and antioxidant protectors (IL-10, reduced glutathione 
(GSH), glutathione peroxidase (GPx), glutathione reductase 
(GR), superoxide dismutase (SOD) and catalase (CAT)), as 
well as oxidative damage to biomolecules such as lipids and 
DNA (Table 3). Our results indicate that aging leukocytes 
suffer oxidative and inflammatory stress, resulting in higher 
levels of kparameters of oxidation and inflammation, de-
creased antioxidant defenses and increased oxidative damage 
to lipids and DNA [4,5] (Table 3). Moreover, an increased 
oxidative and inflammatory stress has been also found in the 
immune cells of PAM with respect to those of NPAM and in 
the leukocytes of male mice with respect to those of female 
mice [5,100] (Table 3). In addition, very long-living mice 
and human centenarians show a redox condition in their im-
mune cells similar to that of healthy adult subjects. In fact, 
recent studies have pointed out a lower expression of genes 
resulting in inflammation and oxidation in human centenari-
ans, who show preserved immune functions [63,64,105]. 
Thus, centenarians seem to have a peculiar compromise be-
tween both pro and anti-inflammatory compounds and they 
are remarkably free of most age-related diseases that have an 
inflammatory component [63,64]. Although these conditions 
have not been adequately studied in exceptionally long-
living experimental animals, we have observed that perito-
neal immune cells from very old mice not only preserve in 
general their function in response to stimuli [103], but also 
show controlled oxidative-inflammatory stress (in the proc-
ess of being published). 

Intracellular Signal Changes with Aging: Role of the Nu-
clear Factor KappaB (NF�B) in Immunosenescence 

 Age-related changes in the intracellular signals have been 
reported and they can explain the altered functional response 
in immunosenescence [73,107]. In the immune cells the de-
gree of phosphorilation after activation shows a decline with 
age in mice and humans. There are changes in the formation 
of second messengers with both an increase in several of 
them such as cyclic adenosine monophosphate (cAMP) 
[108] and a decrease in other such as inositol triphosphate 
(IP3) and diacylglycerol (DAG), as well as in the activation 
of kinases such as mitogen-activated protein kinases 
(MAPK) and protein kinase C (PKC), among other deficien-
cies in signal transduction [73, 109]. These defects are re-
sponsible for the decreased ability of lymphocytes from eld-
erly individuals to be activated by normal extracellular stim-
uli. The age-associated increase of oxidants and inflamma-
tory compounds could be related with an up-regulation of a 
transcription factor as ubiquitous as the nuclear factor-�B 

(NF�B) activation, which is involved with the expression of 
genes of oxidant and inflammatory compounds, and has been 
linked to many acute and chronic oxidative and inflamma-
tory disease states [106,110-113]. Moreover, NF�B is down-
regulated by glutathione precursors such as N-acetylcysteine 
(NAC), which thus prevent excessive oxidation and inflam-
mation in the above situations [111,112].  
 Although the activation of NF�B in leukocytes with ag-
ing has been scarcely studied, recent articles highlight the 
role of the NF�B system in aging and immune response 
[62,106,114-116]. Thus, the NF�B binding domain is the 
genetic regulatory motif that is most strongly associated with 
the aging process, and longevity factors such as sirtuin 1 
(SIRT1) can inhibit NF�B signalling and simultaneously 
protect against the inflamm-aging process [116]. We have 
analyzed the NF�B activation, in resting conditions, in peri-
toneal immune cells throughout aging, and our results show 
that the immune cells from exceptionally long-living mice 
have levels of activation of NF�B similar to those of 
younger animals. Moreover, in old mice, only animals with 
controlled basal NF�B activation in leukocytes achieved 
longevity, and the adult animals with a very high activation 
of the NF�B in their peritoneal leukocytes died early. Thus, 
the level of activation of that factor in leukocytes is signifi-
cantly related to the life expectancy of the subjects from 
which the cells were obtained (data in the process of publica-
tion).  

ROLE OF THE IMMUNE SYSTEM IN THE AGING 
PROCESS 
The Oxidation-Inflammation Theory of Aging  
 With all the above results obtained by us and others on 
the immune system and in agreement with other published 
data supporting the idea of an inflammation and oxidation 
condition in aging [62,117] we have proposed an oxidative-
inflammatory theory of aging [4,5] (Fig. 5). We suggest that 
aging is linked to a chronic oxidative stress, which affects all 
cells of the organism, but specially those of the regulatory 
systems. Thus the nervous, endocrine and immune system 
would show the greatest oxidative damage and, being unable 
to preserve their redox balance, would suffer functional 
losses incompatible with an adequate preservation of homeo-
stasis, with a resulting increase in morbidity and mortality 
such as found in old age. In addition, the immune system, 
because of its need to generate continuously oxidative and 
inflammatory compounds could activate, if it is not well 
regulated, factors such as the NF-�B, which after reaching 
certain level of activation stimulates the expression of genes 
programming the production of higher amounts of those 
compounds. Thus it is likely that if the production of oxida-
tive and inflammatory compounds is not well controlled the 
organism may enter a “vicious circle” in which the great 
amount of oxidant and inflammatory compounds produced 
by the immune system would activate even more the further 
production of the same noxious compounds through factors 
such as the above mentioned NF-�B. If this harmful circle is 
not well controlled, these noxious compounds would disor-
ganize with the passage of time not only the immune cells, 
but also all other cells of the aging organism (which have a 
worst response to oxidative stress than young cells), thus 
contributing to maintain the chronic oxidative stress of the 
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organism. In view of all the above, it seems evident that the 
immune system can play a role in the uncontrolled oxidation 
and inflammation process linked to aging and thus affect the 
rate of aging (Fig. 5).  

Examples Supporting the Role of the Immune System in 
Aging 
 We can say, based on the above, that when an animal 
shows a great oxidative stress in its immune cells, these have 
a worst function and that animal shows a decreased longev-

ity. On the contrary, if the immune cells of a subject main-
tain better their redox state, their functions will be also better 
and this subject will reach greater longevity. Thus, there is a 
relation between the redox state of the immune cells, their 
functional capacities and the life span of the subject [5] (Fig. 
6). 
 As examples supporting this idea and, consequently, the 
role of the immune system in aging, we can mention several 
experimental models that we have studied, and developed 
during the last years, as novel approaches to assess prema-

Table 3. Changes in Immune Function and Oxidative Stress Parameters in Peritoneal Leukocytes from Old Mice Versus Adults, 
and PAM Versus NPAM, as well as in Peripheral Blood Leukocytes from Elderly Versus Adult Men and Women. Effects 
of a Diet Supplemented with Antioxidants in Old Mice, in PAM and in Elderly Men and Women 

 Old Mice and PAM Elderly Men and Women Antioxidant Supplementation 

Immune Functions  

Adherence of macrophages and lymphocytes Increase - Decrease  

Adherence of neutrophils and lymphocytes  - Increase Decrease 

Mobility of macrophages and lymphocytes  Decrease - Increase  

Mobility of neutrophils and lymphocytes  - Decrease Increase 

Phagocytosis capacity of macrophages Decrease - Increase  

Phagocytosis capacity of neutrophils  - Decrease Increase 

Intracellular superoxide anion and ROS Decrease  - Increase  

Lymphoproliferative response to mitogens Decrease Decrease Increase  

Natural Killer (NK) activity Decrease Decrease Increase  

IL-2 release Decrease Decrease Increase  

Oxidant and Pro-Inflammatory Compounds  

Extra-cellular superoxide anion  Increase - Decrease  

Superoxide anion levels  - Increase Decrease 

Oxidized glutathione (GSSG) Increase Increase Decrease  

Oxidized/reduced glutathione (GSSG/GSH) Increase Increase Decrease  

Tumor necrosis factor alpha (TNF�) Increase Increase Decrease  

Prostaglandin E2 (PGE2) Increase - Decrease  

Nitric Oxide (NO) and Xantin Oxidase (XO) Increase - Decrease  

Antioxidant Defences  

Reduced glutathione (GSH) levels Decrease Decrease  Increase  

Superoxide dismutase (SOD) activity Decrease Decrease Increase  

Catalase (CAT) activity Decrease Decrease Increase  

Glutathione peroxidase (GPx) activity Decrease - Increase  

Glutathione reductase (GR) activity Decrease - Increase  

Oxidative Damage  

Malondialdehyde (MDA) Increase Increase Decrease  

8oxo-7,8dihydro-2deoxiguanosine (8oxodG) Increase - Decrease  

Activation of Nuclear Factor kB Increase - Decrease 



An Update of the Oxidation-Inflammation Theory of Aging Current Pharmaceutical Design, 2009, Vol. 15, No. 26    3015 

ture aging. We can present two groups of these models. A) 
Models in which the members of a species with high longev-
ity maintain a better function and redox state of the immune 
cells. B) In the other group of models, subjects showing an 
immunosenescence and oxidative and inflammation stress 
condition, in relation to other members of the group of the 
same chronological age, have a lower life span (Fig. 6).  

A) Model of Females Versus Males and Model of Long 
Living Mice and Human Centenarians 

 In the mammalian species the females, that usually have 
better immune functions than the males [118], also have a 
longer mean life span owing to the effects of the estrogens 
that allow them to live in a less oxidized condition [119], as 
reflected in the better redox state of their leukocytes (data in 
the process of being published).  

 In addition, the human centenarians [105] and the labora-
tory mice with a high mean-life expectancy (data sent for 
publication) are those that maintain better the redox state of 
their immune cells and therefore their immune functions. 

B) Model of Immunosenescence  

B1. Model of Poor Response to Stress and Anxiety: PAM 
Versus NPAM, and Anxious Women Versus Non Anxious 
Women  

 The model, above mentioned, of premature aging con-
firmed in our laboratory on several strains of mice relies on 
the differences in performance among mice of the same sex 
and chronological age when subjected to a T-maze behav-
ioral test [53-55]. The animals that fail the test are “biologi-
cally older,” i.e., suffer premature immunosenescence, show 
a neurochemistry similar to mice of an older chronological 
age and display higher levels of anxiety and emotionality 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). A more developed scheme of the oxidation-inflammation theory than that previously published [4,5]. Aging is a chronic oxi-
dative stress condition (higher levels of oxidants than of antioxidants) affecting all cells, especially those of the regulatory systems, i.e., the 
nervous, endocrine and immune system and the communication among them. This explains the impaired homeostasis and the increased mor-
bidity and mortality found in old age. According to the oxidative mitochondrial theory of aging, the differentiated postmitotic cells are the 
first to suffer damage with age. In animals with a complex immune system the T lymphocytes, and especially the T memory cells (which are 
the most abundant T cells in aged subjects and are also the most postmitotic cells of the immune system) are those that suffer the effects of 
the oxidative stress of aging. In the age-associated re-structuring of the immune cells or immunosenescence, there is a decrease of several 
lymphocyte and phagocyte functions (those related to the acquired immunity), but an increase in other functions, specially those carried out 
by phagocytic cells generating continuously oxidative and inflammatory compounds (cells and functions responsible for the innate immunity 
and present in all animals). These compounds produced in order to eliminate foreign agents, could activate the factor of transcription NF-�B, 
which after reaching certain level of activation stimulates the expression of genes programming the production of higher amounts of those 
compounds. If this process is not regulated well a vicious circle of oxidation-inflammation could be established, which would increase the 
oxidative stress and the inflammatory stress, and consequently accelerate aging. Thus we could conclude that in all animal species the im-
mune cells modulate the rate of aging of each subject. In agreement with this concept, the administration of antioxidants has been shown to 
cut the mentioned vicious circle, improving both the nervous and immune systems, decreasing their oxidative stress, and consequently im-
proving homeostasis and increasing longevity. Other factors of the environment and life style also have to be considered. 
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with respect to animals of the same chronological age that 
perform the test correctly [100]. Moreover, these PAM show 
a greater oxidative stress not only in their immune cells but 
also in the brain, liver, heart and kidney [100], as well as a 
shorter life span than their NPAM counterparts [5]. In addi-
tion, it has also been mentioned that human subjects suffer-
ing chronic anxiety show a significant premature immunose-
nescence [89].  
B2. Menopausal Models  

 Recently, we have stated that ovariectomy in rodents (a 
good model of mimicking human menopause) constitutes 
another model for assessing premature aging, since it accel-
erates immunosenescence and fastens the progression of 
aging in behaviours related to sensor motor abilities and 
neophobia/emotionality. Thus, ovariectomized rats and mice 
show an older biological age that does not correspond with 
their chronological age, a deterioration of general homeosta-
sis in the organism and therefore would constitute an exam-
ple of acceleration of the physiological aging process [118 
and data in the process of publication].  
B3. Obesity Versus Non-Obesity Animals 

 Obese subjects show a higher incidence of infection and 
some types of cancer, suggesting an impaired immune func-
tion. Although there are several studies on the immunologi-

cal state in obese compared to non-obese subjects, and, in 
general, an impaired immune function linked to obesity 
seems to be accepted [120,121] the information is limited 
and often controversial [122]. In addition, obesity is associ-
ated with an inflammatory state [123]. We have recently 
observed that immune cells from genetically obese rats 
(Zucker: fa/fa) show premature inmunosenescence as well as 
an oxidative stress situation (data to be published).  
B4. Transgenic Mice for Alzheimer´s Disease Versus Wild 
Animals 

 Presently it is accepted the role of oxidation and inflam-
mation, at the brain level, in the pathogenesis of Alzheimer´s 
disease (AD) [124, 125]. Recently we have studied in old 
male and female triple-transgenic for AD (3xTg-AD) mice 
(harboring PS1M146V, APPSwe, tauP301L transgenes) in contrast 
to wild type animals behavioural, endocrine and immune 
parameters, as well as the redox state of these mice. The re-
sults indicate that several aspects of the impairment of the 
neuroimmunoendocrine network that occurs with aging are 
more evident in the 3xTg-AD mice, especially in males. This 
supports the hypothesis of a premature immunosenescence 
as a pathogenically relevant factor in AD, which was found 
to be enhanced in the 3xTg-AD males suggesting that this 
could also be responsible for the increased morbidity and 
mortality of these subjects [126]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (6). Relation of the oxidative state of leukocytes, their function and individual longevity. High levels of oxidative stress in the im-
mune system result in an impaired function of its cells and a lower longevity of the subjects having these cells, whereas the contrary situa-
tion, namely low oxidative stress and better function of immune cells, is accompanied by high longevity. In agreement with the above several 
models of premature aging such as PAM (based on the higher anxiety levels of these animals), ovariectomized rats and mice (menopausal 
model) and the transgenic mice model for Alzheimer ´s disease, as well as several models of higher longevity such as being females, long-
líving mice and centenarians, are linked to low and high oxidative stress, respectively, in the immune cells. 
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THE ROLE OF THE IMMUNE SYSTEM IN THE OXI-
INFLAMM-AGING, CONTROLLING THE MEAN 
LONGEVITY, COULD HAVE EVOLUTIONARY 
REASONS AND BE OF UNIVERSAL APPLICATION 

 It is well known that since we are born our immune sys-
tem has to face a great variety of foreign agents and, in order 
to protect the organism against them, needs to release toxic 
oxidant and inflammatory compounds. An adequate produc-
tion of these noxious products is needed to increase the 
probability that a subject survives to reach the age of repro-
duction, what is essential for survival of the species. Obvi-
ously, the immune system has not been well prepared to pre-
serve their defensive functions for a long time, especially 
after the reproductive period. In the case of the members of 
the human species living in developed countries which show 
considerable increases in their mean life span, they, in gen-
eral, suffer the consequences of having a very activated im-
mune system during a long period of time [5,62,63,127, 
128]. As it happens with oxygen use, that allows a very ac-
tive life condition but has as its “side effect” the production 
of noxious ROS, a very active immune system is designed to 
provide protection against the risk of contracting infections 
and tumours to which we are chronically exposed, but has a 
”price”, i.e., that if the oxygen-inflammation-supported func-
tions and resulting stress are not well controlled or the aging 
organism lacks a satisfactory individual adaptation to this 
stress, the senescent process accelerates [5]. Thus, the par-
ticipation of the immune system in the oxi-inflamm-aging 
seems evident, and thus, the immune system can accelerate 
or not the aging process, modulate the biological age and 
consequently the mean longevity. 

Why the Present Increase in the Human Mean Longevity 
is Associated with an Increase in Oxi-Inflamm-Aging and 
Oxidative-Inflammatory Pathologies? 

 Oxidation and inflammation are at the base of most of the 
age-related diseases such as Alzheimer ´s disease, athero-
sclerosis, diabetes and cancer just to mention a few. Thus, it 
has been proposed that these diseases are “the price we pay” 
for a life-long active immune system [128]. The frequency 
and progression of these diseases seem dependent on the 
genetic background of individuals. In fact, emerging evi-
dence suggest that pro-inflammatory genotypes are related to 
unsuccessful aging and the increase of chronic inflammatory 
diseases, especially in old age [129]. We suggest, that if 
there is now a high frequency of these diseases, it is a conse-
quence of the fact that in the establishment of our species the 
individuals with pro-inflammatory and pro-oxidant geno-
types were able to reach the reproductive age with more 
probabilities, since they were more capable of surviving to 
infections. Presently, we suffer the consequences of that evo-
lutionary advantage.  

Can the Immune Cells be Involved in the Rate of Aging 
in all Kind of Animals and thus can have the Immune 
System Role in Aging a Universal Application?  

 Based on all the above, we can conclude that “the im-
mune theory of aging” such as was originally proposed 
[130], can not be accepted since this theory proposed as the 
cause of organism senescence the decrease of the immune 

function and this concept does not follow the principle of 
universality of Strehler. We should keep in mind that not all 
animal species have immune systems as complex as those of 
the mammals. Nevertheless it seems evident, based on all the 
above information, that the leukocytes can play a fundamen-
tal role in aging. We suggest that this role in the rate of aging 
can be of universal application. Confirmation of this idea 
could be found in the fact that the immune cells producing 
oxidant and inflammatory compounds in the highest 
amounts, and even more with aging, are those responsible 
for the innate immunity, especially the phagocytic cells 
which are found, with different denominations, in all ani-
mals, including the invertebrates. Moreover, the master regu-
lator of the innate immunity is the NF-�B system, an ancient 
signalling pathway found in both insects and vertebrates, and 
it is needed to consider that NF-�B signalling seems to be 
the culprit of inflamm-aging [115].  
 If the immune system is relatively well known in verte-
brate animals, in which, as it has been mentioned above, the 
innate and adaptive immunity collaborate, increasing the 
efficiency of immune responsiveness, in invertebrates this 
system is less known. However, it is presently accepted that 
all animals and even the plants, have some sort of immunity, 
although they do not have components of adaptive immu-
nity. Thus, it seems that an innate immunity is found already 
in unicellular organisms, but evolution has added novel 
adaptive immune responses to the defense mechanisms. As 
mentioned above, during aging, adaptive immunity declines, 
whereas innate immunity, in several aspects, seems to be 
activated, inducing a pro-inflammatory profile. An evolu-
tion-related view of inmunosenescence should explain why 
acquired immunocompetence, which is more specialized and 
obtained more recently in evolution, is the most impaired 
with age whereas the innate immune response, older and less 
specific, is better preserved and may be even stimulated in 
excess in the aging organism [115] (Fig. 5). In agreement 
with the above, we have observed that in the peritoneal im-
mune cell populations of mice, as in blood immune cells of 
human subjects, the macrophages and neutrophils, respec-
tively, are the immune cells responsible for the generation of 
higher levels of oxidant compounds than those produced by 
lymphocytes, and these levels significantly increase with age 
in those phagocytic cells [5] (Table 4). Thus, it is probable 
that the macrophages, which as already pointed out are found 
in all animals, are implicated in the chronic oxidative and 
inflammatory stress of senescence due to their high age-
related increase in the production of ROS and inflammatory 
cytokines [4,5,68,78]. 
 In non-vertebrate phyla, whose immune system has been 
scarcely studied, there is no equivalent of a lymphoid linage 
and thus, as it has been shown in insects, they lack an ac-
quired immunity based on the presence and function of lym-
phocytes [131]. Nevertheless, the invertebrates produce in-
flammation-like responses and cytotoxic free radicals during 
infection, and other defensive actions, through a cellular and 
humoral immune system similar to the innate immune sys-
tem of vertebrates [131-135]. Thus, several insect species 
produce small peptides in response to infections with strong 
antimicrobial activity. We should also remember that the 
Toll-like receptors (TLR) were first found in Drosophila 
melanogaster, and that these receptors are mediators of in-
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flammatory response [136,137]. Although it has not been 
studied yet, it is possible that in invertebrates the immune 
system may be able to modulate the rate of aging. 
 Thus we can conclude that in all animal species the im-
mune cells could modulate the rate of aging of each subject 
and thus be involved with the mean longevity. Moreover, we 
suggest that the immune system, concretely the innate im-
munity, using its above commented anti-homeostatic role, is 
an important tool of evolution for eliminating old subjects of 
each species.  

COMPATIBILITY AND INTEGRATION OF THE 
OXIDATIVE-MITOCHONDRIAL AND THE OXIDA-
TION-INFLAMMATION THEORIES OF AGING 

 In view of the convenience of attempts to integrate com-
patible and complementary concepts on the mechanisms of 
aging at the various levels of biological organization 
[9,24,138], it seems opportune to consider if the above sum-
marized oxidation-inflammation theory [4,5] is compatible 
with the concept of the oxygen stress-mitochondrial genetic 
injury (or oxidative-mitochondrial theory) proposed by the 
group of Miquel [2,3,29]. In agreement with the above, it is 
logical to accept that the oxygen stress due to the generation 
of ROS in immune cells in order to support their functions 
(especially the ROS produced in the cytoplasmic membranes 
of phagocytes) are involved in the senescent dysfunction of 
these cells. In addition, the oxidative stress linked to the pro-
duction of ATP in mitochondria may contribute to the senes-
cent involution of the immune cells. This could be more evi-
dent in the T lymphocytes, specially the T memory cells that 
can survive for a long time in the postmitotic condition like 
the fixed postmitotic cells of the nervous and endocrine sys-
tems, which are affected by mitochondrial damage. Moreo-
ver, an increase of memory T cells and a decrease in the rela-
tive proportion of naïve T cells occur with advancing age. In 
addition, it is interesting to remember that the secretions of 
the cells of those systems, i. e.: neurotransmitters and hor-
mones, modulate the immune functions and this modulation 
changes with age [95]. In agreement with the above, an elec-
tron-microscopic study by our group has shown that the 

lymphocytes from aged mice accumulate abundant granules 
of lipofuscine [5], a pigment that is the end-product of the 
oxidative disorganization and auto-digestion of mitochondria 
[31]. In addition, although it is commonly assumed that neu-
trophils posses few, if any, functional mitochondria and that 
they do not depend on these organelles for cell function, 
there is research indicating that intact mitochondrial function 
is required to sustain some neutrophil functions in infections 
and inflammations [139] (Fig. 5).  
 Therefore we can conclude that the oxidation-inflamma- 
tion and the oxidative-mitochondrial theories can be inte-
grated in order to gain a better understanding of the sub-
cellular and cellular mechanisms of senescence of the im-
mune system, which like other physiological systems relies 
on a “symbiosis” of often-dividing and fixed postmitotic 
cells. In our opinion, this new integration of two theories 
may allow a better understanding of the key role played by 
the above mentioned two kinds of oxygen stress (from cyto-
plasmic-membrane and from mitochondrial origin) in the 
aging of the immune system and the organism.  

ROLE OF ANTIOXIDANTS IN THE IMMUNE CELLS: 
A STRATEGY TO REVITALIZE THE IMMUNE 
FUNCTION AND HOMEOSTASIS IN AGING: CON-
FIRMATION OF THE OXIDATION-INFLAMMA- 
TION THEORY  

 Presently the existence of an oxidant-antioxidant imbal-
ance in aging is accepted, and the first observations suggest-
ing a key role for oxidative injury in aging were, precisely, 
those showing the favorable effects of endogenous and die-
tary antioxidants, which have been demonstrated in experi-
mental animals and human subjects [140]. Although it was 
published that the levels of several antioxidants in diverse 
species correlate with the maximal longevity of those species 
[141], and that the over-expression of antioxidant enzymes 
such as SOD and CAT in transgenic animals is related with 
an increase of both mean and maximal life span [142], more 
recent work has demonstrated that species that live longer 
have lower levels of antioxidants, since they produce lower 
levels of ROS than the species with lower maximum longev-

Table 4. Comparative Age-Related Changes in the Levels of Oxidants, Pro-Inflammatory Compounds, Antioxidant Defenses and 
Oxidative Damage to Lipid in Peritoneal Macrophages and Lymphocytes from Mice and Neutrophils and Lymphocytes 
from Human Peripheral Blood 

Oxidant and Pro-Inflammatory Compounds Macrophages and Neutrophils Lymphocytes 

Oxidized glutathione (GSSG) levels 

Oxidized/reduced glutathione (GSSG/GSH)  
No change 

Antioxidant Defences   

Total Glutathione 

Reduced glutathione (GSH) levels 
Superoxide dismutase (SOD) activity   

Oxidative Damage   

Malondialdehyde (MDA) 
 

No change 
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ity [143]. Nevertheless, in each species to maintain appropri-
ate levels of antioxidants is relevant to the biological age, 
and consequently to the mean longevity, of the members of 
that species, as it will be indicated later. 
 A direct link between oxidative stress, aging and human 
diseases can be further established by studies analyzing the 
impact of variation in human genes encoding for antioxidant 
defense systems [144]. Moreover, the endogenous antioxi-
dants decrease in oxidative stress situations, such as endo-
toxemia and aging, because they are spent neutralizing the 
excess of ROS [4,5,112,140]. Thus, presently it is generally 
accepted that longevity may be associated with an optimal 
antioxidant protection, and that the senescent decrease in 
antioxidant levels supports the free radical theory of aging 
and provides a rationale for attempts to decrease the rate of 
aging by supplementing the diet with antioxidants [4,5,57, 
140].  
 The ingestion of a diet enriched with antioxidants seems 
adequate for maintaining an optimum redox balance and 
therefore protecting the aging organism against oxygen 
stress. Thus, the administration of compounds such as vita-
mins C and E, polyphenols and sulfuric antioxidants (taurine, 
thioproline (TP) and N-acetylcisteine (NAC), among others), 
which are precursors of glutathione (GSH), in isolation or in 
nutritional formulations containing several compounds, may 
be recommended, because of their antioxidant and anti-
inflammmatory action, for use in both laboratory animals 
and human subjects. In fact, previous studies from our labo-
ratory in chronologically-old mice, in PAM, and in elderly 
men and women, have demonstrated the beneficial effect of 
those antioxidants, which show important favorable effects 
on health, acting on the nervous and the immune systems 
[4,5,57,79,140,145-160] (our results summarized in Table 3). 
We have observed that supplementation of the diet with 
those antioxidants not only improves the immune function in 
aging mice, bringing it to adult values, but also neutralizes 
the oxidative stress, thus helping to reach values of oxidants, 
antioxidants and biomolecular damage similar to those of 
adults and NPAM in mice and adults in humans (results 
summarized in Table 3 and Fig. (7)). Moreover, our group 
has observed that the lymphocytes from old mice after inges-
tion of a diet supplemented with thiol antioxidants did not 
show the lipofuscin pigments present in control animals [5]. 
 In addition, in the performance of their function the leu-
kocytes may exhaust their reserves of antioxidants [161]. 
This could help to explain why in both laboratory animals 
and human subjects, the homeostasis-linked functional com-
petence of the immune sytem in the adult age improves after 
diet supplementation with appropriate amounts of antioxi-
dants such as vitamin C, vitamin E, thiol antioxidants and 
polyphenols [162-164].  
 Since the favorable action of the antioxidants on the im-
mune system is expressed in an increase of the functions that 
are depressed and a decrease of those that are excessively 
active, the antioxidants can not be considered general immu-
nostimulants. In fact they may bring each immune function 
and redox state to its optimum, thus acting as immunomodu-
lators [165]. This modulating ability appears to be focused at 
the level of the ubiquitous intracellular factors implicated in 
oxidation and inflammation, such as the NF-�B [112]. 

 This regulatory role of the antioxidants would be per-
formed not only on the immune system, but also on the other 
regulatory systems, including the nervous system, in which 
the oxidative stress also underlies its senescent impairment. 
Thus, as a matter of fact it is accepted that the antioxidants 
play a role in the recovery of a great number of nervous 
functions [21]. Moreover, in the PAM the ingestion of thiolic 
antioxidants not only improves the immune function, but 
also the behavioral response [100,145]. Moreover, interest-
ingly, this immune “rejuvenation” as well as the improve-
ment of the nervous system is apparent in the laboratory 
mice showing the greatest longevity [4,5]. In unpublished 
work from our laboratory we have also found that chrono-
logically old mice and PAM with an antioxidant supple-
mented diet (a mixture of antioxidants, such as vitamin C, 
vitamin E, �-carotene, zinc and selenium, in very little 
amount, and TP and NAC) show a significant increase in 
their life span. According to a recent review, antioxidants 
able to neutralize free radicals at their sites of production in 
the mitochondria such as NAC and alpha-lipoic acid, although 
unable to increase the species-characteristic maximum life 
span, may increase mean individual longevity [140]. 
 The results obtained in the immune system of humans 
after diet supplementation with antioxidants are due to a de-
crease of the oxidative stress in these cells, in a similar way 
to that observed in leukocytes from mice. Since the im-
provements in the immune functions found with antioxidant 
supplementation are similar in humans and mice, and be-
cause these changes in mice are accompanied by an increase 
in life span, it is probable that similar effects could be ob-
tained in humans (Fig. 5 and 7).  

Role in Aging of Glutathione (GSH) and Other Sulfuric 
Antioxidants that Increase Its Levels: Unpublished Re-
sults on the Direct Effect of these Antioxidants on the 
Immune Cells from Old Mice 

 The oxidant-antioxidant imbalance in aging can be re-
flected in a deficiency of GSH, an antioxidant that has a 
relevant role in aging. GSH is the most abundant non-protein 
thiol in mammalian cells, in which it is essential for survival 
[166]. This tripeptide shows many important cellular func-
tions, among which we can mention its role regulating en-
zymatic activity and especially as redox buffer maintaining a 
given thiol/disulfide redox potential and protecting the cell 
against oxidants [167]. Since all cell functions depend to a 
high degree on the redox reactions of the thiol compounds, 
the preservation of adequate levels of GSH or of other thiolic 
or sulfuric compounds during aging is essential for an ade-
quate activity of cells in general and especially for those of 
the nervous and immune systems, and therefore for health of 
the aging subjects. Studies performed in aged experimental 
animals and elderly people showed a decrease in the GSH 
levels, in plasma, blood, organs and immune cells [78,147, 
168]. In fact it has been shown that the organelles and cells 
of the aged animals contain less GSH than those of the 
young, and this decrease becomes more striking at the age 
when mortality shows a marked increase. Thus, the admini-
stration of GSH, because of its protective effect against the 
oxidative stress of the DNA of mitochondria and the GSH 
loss in these organelles with age, is able to increase life ex-
pectancy in laboratory animals [36]. Some work carried out 
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by us shows that the administration by diet of antioxidants 
that increase the levels of GSH such as TP and NAC, im-
proves the immune function in chronologically aged humans 
and experimental animals, as well as in PAM [147-155]. The 
responsible intracellular mechanism could be the regulation 
of the activation of NF�B. In fact we have observed that 
NAC decreases the activation of this factor in immune cells 
[111,112] and we have also described that intracellular GSH 
deficiency is associated with enhanced NF�B activation in 
older non-insulin dependent diabetic patients [169]. 

 Based on the above and on previous results obtained by 
us studying the effect in vitro of thiolic antioxidants on 
macrophages and NK cells from adult mice [170-172] and 
NK cells from old mice [173], we carried out an experiment 
in vitro to test the effects of TP (1 mM, the concentration 
most effective in the previous studies) on several functions 
of lymphocytes from axillary nodes, spleen and thymus of 
old Swiss mice. Moreover, we used in parallel GSH (5 mM, 
which was also the most effective concentration in the previ-
ous experiments) to compare the effect of both antioxidants. 
The results are shown in Table 5. As can be seen both anti-
oxidants, TP and GSH, increase the spontaneous mobility, 
the directed mobility to the infectious focus (chemotaxis) 
and the proliferative response to the mitogen concanavalin A 
(ConA) in leukocytes from the three immune organs. In all 

cases the values become close to those seen in cells from 
adult animals, a response similar to that found in our previ-
ous work on those lymphocyte functions studied in vivo in 
old Swiss mice fed with a diet supplemented with TP 
[150,151]. The effect of both antioxidants is similar in the 
immune functions studied. Thus we can suggest that the ef-
fects observed in vivo on the immune function after supple-
mentation with TP are due to the direct action of this anti-
oxidant, and those effects could be mediated, at least in part, 
by the increase of GSH in the immune cells. Moreover, as 
can be seen in Table 6, those concentrations of GSH and TP 
increase significantly the viability of leukocytes from axil-
lary nodes, spleen and thymus throughout 72 hours of cul-
ture, and the differences with respect to the controls increase 
with the time of incubation, the GSH being the most effec-
tive.  

Confirmation of the Oxidation-Inflammation Theory 

 The above mentioned oxidation–inflammation theory of 
aging can be supported by all those results with antioxidants, 
since the administration of adequate amounts of antioxidant 
compounds in the diet is a strategy of environmental condi-
tions, including life style, which allows to break the vicious 
circle of the oxi-inflamm-aging. Thus, the oxidative and in-
flammatory stress, that appears to play a fundamental role in 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (7). Role of antioxidants on the function, redox and inflammatory state of immune cells with aging. The age-related changes in the 
function and redox parameters of the immune cells are modulated by the ingestion of appropriate amounts of antioxidants that bring the val-
ues of these parameters, in elderly humans and in chronologically old or prematurely aging experimental animals, closer to those in the cor-
responding adult subjects or non-prematurely aging controls. In mice, the animals ingesting antioxidants in the diet show an increase in their 
longevity. The information of the figure summarizes the results obtained in the laboratory of De la Fuente with respect to the effects of anti-
oxidants on the aging immune system. In elderly men and women, we have studied the effect of Vitamin C and vitamin E ingested for 4 or 3 
moths (1000mg/day or 500mg/day of vitamin C and 200 mg/day of vitamin E) [4,79,146,] and NAC (600mg/day for 2 and 4 months) [147]. 
In old mice, administration of TP (0.07% or 0.1%w/w) for 9 months [150] and for 5 weeks [151]. In PAM, intake for 5 weeks of TP [152] 
NAC [148,149] and of TP+NAC (0.1%w/w) [154,155]. The amount of these thiolic antioxidants needed to have a favourable effect is higher 
in aged than in adult mice [153]. Further, administration of a mixture of antioxidants (vitamin C, vitamin E, �-carotene, zinc and selenium) 
for 5 weeks [156-158], polyphenol-rich cereals [159] and soybean isoflavones [82,160] also improves the parameters studied.  
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Table 5. Effect In Vitro of GSH (5 mM) and TP (1 mM) on the Mobility (Spontaneous and Directed or Chemotaxis) and Prolifera-
tive Response to the Mitogen ConA in Lymphocytes from Axillary Nodes, Spleen and Thymus of old Swiss Mice 

Old Mice Adult Mice  

Old controls GSH TP Adult Controls  

Axillary Nodes  

Spontaneous mobility 235±55 325±76*c 376±89**c 491±134# 

Chemotaxis 282±56 366±94*c 396±85**c 942±122# 

Proliferation to ConA 0.267±0.058 0.524±0.114***a 0.464±0.118***c 0.618±0.080# 

Spleen  

Spontaneous mobility 256±59 423±108*** 390±91** 468±96# 

Chemotaxis 356±92 453±107c 481±93*c 757±190# 

Proliferation to ConA 0.463±0.059 0.633±0.163*** 0.809±0.130***c 0.635±0.102# 

Thymus  

Spontaneous mobility 240±56 422±87*** 402±73*** 461±88# 

Chemotaxis 418±67 531±100*c 494±63*c 693±153# 

Proliferation to ConA 0.392±0.060 0.526±0.101*** 0.511±0.073*** 0.524±0.082# 

Each value is the mean±SD of 12 experiments. *p<0.05, **p<0.01, ***p<0.001 with respect to the corresponding controls. #p<0.001 with respect to the old controls. ap<0.05, bp<0.01, 
cp<0.001 with respect to the adult controls. The methods carried out for analyzing the functions indicated have been previously described [151]. Spontaneous mobility and chemotaxis 
are expressed as number of cells _____ [151]; Proliferation as absorbance. 

Table 6. Effect In Vitro of GSH (5 mM) and TP (1 mM) on the Viability (%) of Lymphocytes from Axillary Nodes, Spleen and 
Thymus of Old Swiss Mice at Different Time of Culture 

Time (h) Antioxidant Axillary Nodes Spleen Thymus 

Controls 86 ± 6 96 ±3 93 ± 6 

GSH 92 ± 3** 96 ± 3 98 ± 2* 1 h 

TP 89 ± 4 97 ± 3 96 ± 2 

Controls 82 ±5 85 ± 6 91 ± 6 

GSH 89 ± 5* 92 ± 4** 97 ± 2* 4 h 

TP 87 ±6 94 ± 5**  96 ± 3* 

Controls 82 ±3 79 ± 7 88 ± 7 

GSH 88 ± 4* 86 ± 7** 91 ± 7* 6 h 

TP 84 ±3 88 ± 6** 90 ± 6* 

Controls 68 ±8 73 ± 7 71 ± 9 

GSH 79 ± 8* 84 ± 3*** 77 ± 8** 24 h 

TP 70 ±9 80 ± 6** 76 ± 7* 

Controls 33 ±10 64 ± 9 56 ± 10 

GSH 72 ±7*** 76 ± 7** 66 ± 8** 48 h 

TP 63 ± 12** 72 ± 6** 66 ± 8** 

Controls 23 ± 7 51 ± 11 24 ± 7 

GSH 67 ±12 *** 70 ± 6** 55 ± 14*** 72 h 

TP 53 ±7 *** 65 ± 5** 34 ± 7** 

Each value is the mean±SD of 8 experiments. *p<0.05, **p<0.01, ***p<0.001 with respect to the corresponding controls. The cellular viability was evaluated by the trypan-blue 
exclusion test [170].  
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the aging of the immune system and other regulatory sys-
tems, can be counteracted to certain degree by antioxidant 
administration. In view of all the above it seems reasonable 
to propose that an adequate antioxidant diet supplementation 
may be a useful procedure to slow down the age-related ho-
meostatic impairment and thus improve the health and bio-
logical age of subjects and increase their longevity (Fig. 5).  

CONCLUSIONS AND FUTURES RESEARCH 

 In summary, aging is a loss of homeostasis related to a 
chronic oxidative stress, i.e. to an imbalance in the antioxi-
dant/oxidant levels with an increase in ROS production and a 
decrease in antioxidant defenses. This chronic oxidative 
stress injures cells and all physiological systems, but the ef-
fects are more evident in the regulatory systems, such as 
nervous, endocrine and immune systems that allow the main-
tenance of homeostasis in the organism and therefore pre-
serve health. This alteration could explain the impaired ho-
meostasis that leads to an increase in the morbidity and mor-
tality of aging. Focusing on the immune system, it produces 
oxidants and inflammatory compounds in its daily work, and 
if its function is not well regulated it can go into a vicious 
circle that maintains the state of chronic oxidative and in-
flammatory stress, and consequently increases the rate of 
aging of organisms. Thus, we propose an oxidation-inflamm- 
ation theory of aging, or oxi-inflamm-aging, in which the 
immune system could have an important role. Moreover, an 
adequate nutrition, with antioxidant supplementation can 
neutralize in part the oxidative and inflammatory stress and 
the vicious circle of oxidation produced by the immune cells. 
More research is needed in order to provide further support 
for our hypothesis. The study of age-related genes is pres-
ently a focus of attention for much research, and this is an 
excellent subject of study. However, we propose also to in-
vestigate how epigenetic mechanisms acting on genes cause 
the loss of homeostasis, and the rate of this loss, since it is 
different for each subject. Moreover, we have to elucidate 
how the environment factors affect this rate from fetal life 
throughout the life of the subject. This seems the best way to 
be able to slow down the unavoidable aging process in each 
subject (Fig. 1).  
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ABBREVIATIONS 
AD = Alzheimer´s disease 
An-I = Anti-inflammatory compounds 
Ax = Antioxidants 

cAMP = Cyclic adenosine monophosphate 
CAT = Catalase 
DAG = Diacylglycerol 
GPx = Glutathione peroxidase 
GR = Glutathione reductase 
GSH = Reduced glutathione 
GSSG = Oxidized glutathione 
HO. = Hydroxil radical 
H2O = Water 
H2O2 = Hydrogen peroxide 
IL = Interleukin 
IP3 = Inositol triphosphate 
MAPK = Mitogen-activated protein kinase 
mtDNA = mitochondrial DNA 
NAC = N-acetylcysteine 
NF�B = Nuclear factor kappa B 
NK = Natural killer cells 
NPAM = Non-prematurely aging mice 
O2 = Molecular oxygen 
O2

-. = Superoxide anion radical 
PAM = Prematurely aging mice 
PAMPs = pathogen-associated molecular patterns 
P-I = Pro-inflammatory compounds 
PKC = Protein kinase C 
ROS = Reactive oxygen species 
SIRT1 = Sirtuin 1 
SOD = Superoxide dismutase 
TNF� = Tumor necrosis factor-alpha 
Tc = Lymphocytes T cytotoxic 
Th = Lymphocyte T helper 
TP = Thioproline 
Treg = Lymphocyte T regulator 
TLR = Toll-like receptor 
XO = Xantin oxidase 
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Abstract

The aim of the present work is to study the change with aging in the effect in vitro of several
antioxidants: thiazolidine-4-carboxylic acid or thioproline, N-acetylcysteine (NAC), ascorbic acid
(AA), and !-tocopherol (vitamin E, VE) on the natural killer (NK) activity in mononuclear cells
from axillary nodes, spleen, thymus and peritoneal leukocytes from BALB/c male mice. Young (8!
2 weeks), adult (24 ! 2 weeks), mature (48 ! 2 weeks), and old (72 ! 2 weeks) animals were
studied. A nonradioactive cytotoxic assay with cells from the murine lymphoma YAC-1 as target
cells and a relation effector cells/target cells of 10/1 were used. The concentrations of the different
antioxidants were: 1 mM for thioproline and N-acetylcysteine and 5 "M for ascorbic acid and
!-tocopherol, which induced a maximum effect in our previous dose-response experiments. The
results show that, in general, the above antioxidants cause an enhancement of the NK activity at all
ages studied, this stimulation being higher with thioproline and N-acetylcysteine than with ascorbic
acid and !-tocopherol. The effects were similar for the three lymphoid organs and the peritoneum.
This stimulation of the NK activity by antioxidants is an important favorable response, especially
in old mice, in which age results in a decrease in NK function and, therefore, in a higher incidence
of neoplasia. © 1999 Elsevier Science Inc. All rights reserved.

Keywords: NK cell activity; Thioproline; N-acetylcysteine; Ascorbic acid; !-tocopherol; Lymphocytes; Mac-
rophages

1. Introduction

Aging is linked to changes in the immune system, both in humans and in many
mammalian species (Solana et al., 1991; Franceschi et al., 1995; Miller, 1996; Pawelec et
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al., 1997). In general, the results obtained on the effects of age on the immune system
show that a decline occurs mainly in the T-cell-dependent immune functions (Hirokawa
et al., 1994; Pawelec, 1995; Globerson, 1995), one of the most important of which is the
natural killer (NK) cell activity that plays a fundamental role in the surveillance against
neoplastic growth, in addition to its important regulatory function (Trincheri, 1989;
O’Shea and Ortaldo, 1992). There are contradictory results concerning changes in NK cell
activity with aging. Thus, this activity has been found to be increased (Krishnaraj and
Blandford, 1988) or unchanged (Pross and Baines, 1982; Ligthart et al., 1989), although
most research shows a decrease with aging (Riccardi et al., 1986; Bocchieri et al., 1988;
Bloom, 1994; Hirokawa et al., 1994; Kutza et al., 1995; Mariani et al., 1996)
Cells of the immune system are particularly sensitive to changes in the antioxidant

status not only because the antioxidant/oxidant balance is responsible for maintaining the
in-
tegrity and functionality of membrane lipids, cellular proteins, and nucleic acids, and
controlling signal transduction of gene expression in immune cells (Meydani et al., 1995),
but also because immune cells perform important functions through the generation of a
high number of oxygen free radicals. For these reasons, it is not surprising that immune
cells usually have higher concentrations of antioxidants than other cells (Coquette et al.,
1986).
Tissues of older organisms are relatively more vulnerable to free radical-induced

damage. This fact and the above-mentioned senescent immune changes may be the result
of an increase in the rate of free-radical generation and/or a decline in the competence of
antioxidants (Sohal and Allen, 1986), including substances such as ascorbic acid (AA),
!-tocopherol (VE), and thiolic compounds. Therefore, several authors have linked the
immune changes in the aging process to a progressive oxidation of thiolic compounds
(Oeriu and Vochitu, 1965; Weber and Miquel, 1986; Miquel and Weber, 1990).
AA and VE have been shown to have an immunostimulatory role (Meydani, 1991;

Bendich, 1992; Jariwalla and Harakeh, 1996). Moreover, we have observed the positive
effect on macrophage function in vitro of several antioxidants such as AA, VE, and thiolic
compounds, namely N-acetylcysteine (NAC), thioproline, and glutathione (GSH) (Del Rio
et al., 1998). Thioproline has been shown, by our group, to have a favourable effect on NK
activity when administered in the diet to old mice (De la Fuente et al., 1993). Recently,
it has been reported that NAC enhances the adhesion properties of NK cells, increasing
their cytolytic activity (Rivabene et al., 1995).
Thus, the aim of this work is to study the effects in vitro of several antioxidants on

age-related changes in NK activity, to justify the attempts to improve the immune
system in old age by dietary supplementation with antioxidants such as AA, VE, and
thiolic compounds such as thioproline (thiazolidine-4-carboxilic acid) and N-acetyl-
cysteine (NAC).

2. Materials and methods

2.1. Animals

Young (8 ! 2 weeks), adult (24 ! 2 weeks), mature (48 ! 2 weeks), and old (72 !
2 weeks) male BALB/c mice (Iffa Credo, France) were used. All animals were maintained
on a 12-h reversed light/dark cycle, at a constant temperature (22 ! 2°C) and fed Sander
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Mus (Panlab) and water ad libitum. Mice were checked periodically to verify their
pathogen-free condition.

2.2. Antioxidants

Thioproline and N-acetylcysteine (Sigma) had a final concentration of 1 mM. AA and
VE (Merck) had a concentration of 5 "M. Both concentrations induced a maximum effect
in previous dose-response experiments.

2.3. Collection of peritoneal leukocytes

Peritoneal suspensions were obtained from each animal after cervical dislocation. The
abdomen was cleansed with 70% ethanol, the abdominal skin was carefully dissected
without opening the peritoneum, and 4 mL of Hank’s solution adjusted to pH 7.4 were
injected intraperitoneally (i.p.). The abdomen was massaged and a 90–95% of the injected
volume was recovered. Cell viability was 95–98%, as determined by trypan-blue exclu-
sion.

2.4. Collection of mononuclear cells from immunocompetent organs

Cellular suspensions were obtained from axillary nodes, spleen, and thymus of mice.
The organs were removed aseptically, freed of fat, minced with scissors, and gently
pressed through a mesh screen (Sigma). The cellular suspensions were centrifuged (2 500
rev./min 25 min) in a gradient of Urograph-Ficoll (Schering and Sigma, respectively) with
a density of 1.070. The hallos were resuspended in RPMI 1640 enriched with L-glutamine
(Life Technologies Canada, Burlington, Ontario) and supplemented with 10% fetal calf
serum (Life Technologies) and gentamicin (100 "g/mL, Life Technologies) and washed
three times. Cell viability was measured by using the trypan-blue exclusion test, showing
a viability of 95%.

2.5. NK assay

An enzymatic colorimetric assay was used for cytolysis measurements of target cells
(Cytotox 96 TM Promega, Boerhinger Ingelheim) based on the determination of LDH
using tetrazolium salts. This technology has been demonstrated to provide identical values
(within experimental error) to those obtained by parallel 51Cr release assays of our own
(Del Rio and De la Fuente, 1995) and of other authors (Decker and Lohmann–Matthes,
1988). Murine lymphoma YAC-1 cells were used as targets in the NK assay. The cells
were maintained in complete medium (RPMI-1640 plus 10% fetal calf serum, Life
Technologies). Target cells were seeded in 96-well U-bottom culture plates (Costar) at 104
cells/well in 1640 RPMI without phenol red. Effector cells, i.e. mononuclear cells from
axillary nodes, spleen, or thymus and peritoneal leukocytes, which have been previously
used in NK studies (Scaringi et al., 1990; Sayer et al., 1990; De la Fuente et al., 1993b)
were added at 105 cells/well. The effector/target rate used—10/1—allowed us to observe
similar results to those obtained previously. The antioxidants at the different concentra-
tions studied were added to the wells. The plates were centrifuged at 250 # g for 4 min
to facilitate cell contacts and then they were incubated for 4 h at 37°. After incubation,
lactate dehydrogenase enzymatic activity was measured in 50 "L/well of the supernatants
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by addition of the enzyme substrate and absorbance recording at 490 nm. Three kinds of
control measurements were performed: a target spontaneous release, a target maximum
release, and an effector spontaneous release. To determine the percentage of target cells
killed, the following equation was used: % lysis $ ((E % ES % TS)/(M % ES % TS)) #
100, where E $ mean of absorbances in the presence of effector cells, ES $ mean of
absorbances of effector cells incubated alone, TS $ mean of absorbances in target cells
incubated with medium alone, and M $ mean of maximum absorbances after incubating
target cells with lysis solution.
In addition, one more control (with YAC-1 cells and antioxidants, without effector

cells) was performed to rule out a possible effect of the antioxidants on cell viability.

2.6. Statistical analysis

The data are expressed as the mean ! SD of the values from eight experiments
performed in duplicate. In the statistical study, the normality of the samples was confirmed
by the Kolmogorov-Smirnov test and the homogeneity of variances by the Levene test.
When the variances were homogeneous, the two-way analysis of variance (ANOVA; main
effects and interactions) and Scheffe’s F-test were used for the comparison of parametric
samples. Conversely, when the variances were not homogeneous, the two-way ANOVA
and Tamhane test were used.

3. Results

The results obtained in the present work show the changes with age on the natural
cytotoxicity in mice and the effect of several antioxidants on this function at four different
ages. The possible action of these antioxidants on target cell viability was ruled out by the
control experiments performed with that purpose, which confirmed they had no effect at
this level.
The age-related changes in the percentage of natural cytotoxicity from axillary nodes

are shown in Fig. 1. The values obtained in adult mice (24 ! 2 weeks old) were
significantly higher (p & 0.001) than those of young (12 ! 2 weeks old) and old mice
(72 ! 2 weeks old). The presence in vitro of the antioxidants (Table 1) enhanced the
natural cytotoxicity, causing statistically significant differences with respect to controls at
the different ages studied. In young mice, thioproline, NAC, VE, and AA increased the
natural cytotoxicity in vitro (p & 0.01 for AA and p & 0.001 for the other three). The
effects of thioproline and NAC were significantly higher than those of AA and vitamin E.
In adult mice, thioproline and NAC increased this function markedly (p & 0.001), which
was also increased by VE (p & 0.01) and AA (p & 0.05). Again, the effects of thioproline
and NAC were significantly higher than those of AA and VE. In mature mice (48 ! 2
weeks old), only thioproline showed a significant effect (p & 0.01), and the values
obtained were statistically different from those of AA and VE. Finally, in old mice, all the
antioxidants used augmented significantly (p & 0.001) the NK activity. The values being,
again, significantly higher for thioproline and NAC than for AA and VE. The two-way
ANOVA test showed statistically significant results for the effect of age (p & 0.001) and
antioxidants (p & 0.001), with a significant interaction between both (p & 0.001).
Regarding the NK activity of spleen, like in axillary nodes, it was lower in young and

old animals as compared with adults (Fig. 1). The antioxidants enhanced the natural
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cytotoxicity, with statistically significant differences with respect to controls at the
different ages studied (Table 2). Thus, in young mice all the studied antioxidants enhanced
(p & 0.001) the NK activity, with the effect of thioproline being significantly higher than
that of the others. In adult mice, thioproline, NAC, and VE increased this activity
significantly (p & 0.01), but the increase was not statistically significant in the presence
of AA. In mature mice, with the exception of AA and NAC, the antioxidants augmented
the natural cytotoxicity (thioproline, p & 0.01, and vitamin E, p & 0.001). In old mice, all
the antioxidants increased NK activity significantly (p & 0.01 for thioproline, NAC and
VE; p & 0.05 for AA).The two-way ANOVA test showed statistically significant results
for the effects of the two independent variables, i.e. age (p & 0.001) and antioxidants (p &
0.001), with a significant interaction between both (p & 0.001).
The NK activity of thymus did not show any significant changes with age (Fig. 1).

Again, the presence of antioxidants in vitro enhanced the natural cytotoxicity with respect
to controls (Table 3). In young mice, the four antioxidants increased this activity signif-
icantly (p & 0.001). The same occurs with adult mice and in these animals the effect
observed with NAC was higher (p & 0.05) than that of ascorbic acid. In mature mice,
again the four antioxidants stimulated NK (p & 0.001) and the effect of NAC was

Fig. 1. NK lysis percentages of total mononuclear cells from axillary nodes, spleen, thymus, and peritoneal
leukocytes from young (8 ! 2 weeks), adult (24 ! 2 weeks), mature (48 ! 2 weeks), and old (72 ! 2 weeks)
BALB/c male mice. Each value is the mean ! SD of eight experiments performed in duplicate. **p & 0.01;
***p & 0.001 with respect to the corresponding adult values.
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significantly higher than that of the other antioxidants. In old mice, thioproline enhanced
significantly the percentage of lysis (p & 0.001) as did the remaining antioxidants (p &
0.01). The two-way ANOVA test showed statistically significant results for the effect of
antioxidants (p & 0.001), with significant interaction with age (p & 0.001).
Finally, the NK activity of peritoneal cell suspensions did not show any significant

changes with age (Fig.1). Table 4 shows the effect of the antioxidants on the percentages
of NK lysis from peritoneum. In young mice, only AA showed a statistically significant
difference with respect to control (p & 0.001), showing significant differences with
respect to the thioproline and NAC values. In adult animals, thioproline (p & 0.001), NAC
(p & 0.001), and VE (p & 0.01) enhanced NK activity. The increase obtained in mature
age was highly significant (p & 0.001) for thioproline, NAC, and VE. In old mice, AA and
VE showed significant differences with respect to controls (p & 0.01 and p & 0.001,

Table 1
NK lysis percentages of total mononuclear cell suspensions from axillary nodes of BALB/c mice incubated
with thioproline (1 mM), NAC (1 mM), ascorbic acid (5 "M), and !-tocopherol (5 "M)

Young Adult Mature Old

Control 14.2 ! 0.7 19.5 ! 1.0 20.3 ! 2.6 14.0 ! 1.0
Thioproline 36.9! 4.1 31.4 ! 2.7 31.0 ! 5.9 32.7 ! 5.1

*** *** ** ***
NAC 41.6 ! 4.1 37.6 ! 3.8† 25.4 ! 3.9 39.3 ! 7.1

*** *** ***
Ascorbic acid 26.7! 3.7†,‡ 25.1 ! 3.5†,‡‡‡ 17.5 ! 2.4††,‡‡ 25.4 ! 3.1‡

** * ***
Tocopherol 27.9! 4.6†,‡‡‡ 23.7 ! 2.0†††,‡‡‡ 17.7 ! 2.1††,‡‡ 24.3 ! 1.2†,‡

*** ** ***

Each value is the mean of eight experiments performed in duplicate.
* p & 0.05; **p & 0.01; *** p & 0.001 with respect to control values.
† p & 0.05; ††p & 0.01; †††p & 0.001 with respect to thioproline values.
‡ p & 0.05; ‡‡p & 0.01; ‡‡‡p & 0.001 with respect to NAC values.

Table 2
NK lysis percentages of total mononuclear cell suspensions from spleen of BALB/c mice incubated with
thioproline (1 mM), NAC (1 mN), ascorbic acid (5 "M), and !-tocopherol (5 "M).

Young Adult Mature Old

Control 18.9 ! 1.2 22.0! 1.5 23.0 ! 2.1 17.0 ! 0.7
Thioproline 44.4 ! 6.0 33.8! 4.4 39.6 ! 7.6 29.4 ! 5.7

*** ** ** **
NAC 37.4 ! 3.6† 44.2 ! 9.3 28.5 ! 5.6 25.1 ! 4.0

*** ** **
Ascorbic acid 32.0! 4.2††† 25.3 ! 4.3†,‡‡ 23.6 ! 2.2†† 24.3 ! 4.4

*** *
Tocopherol 32.9 ! 4.2††† 35.5 ! 7.0§ 36.9 ! 4.4§§ 26.2 ! 3.1

*** ** *** **

Each value is the mean of eight experiments performed in duplicate.
* p & 0.05; **p & 0.01; *** p & 0.001 with respect to control values.
† p & 0.05; ††p & 0.01; †††p & 0.001 with respect to thioproline values.
‡ p & 0.05; ‡‡p & 0.01; ‡‡‡p & 0.001 with respect to NAC values.
§ p & 0.05; §§p & 0.01 with respect to ascorbic acid values.
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respectively), whereas thioproline and NAC had no significant effect. The two-way
ANOVA test showed statistically significant results for the effect of age (p & 0.001) and
antioxidants (p & 0.001), with significant interaction between both (p & 0.001).

4. Discussion

With respect to the influence of age on NK activity, the results from the control groups
indicate that aging induces a decrease in this function, at least in mononuclear cells
obtained from axillary nodes and spleen. This finding agrees with the generally accepted
idea that immune functions decline with age, fundamentally lymphocyte responses (Hi-
rokawa et al., 1994; Pawelec, 1995; Solana and Pawelec, 1998), and concretely the NK

Table 3
NK lysis percentages of total mononuclear cell suspensions from thymus of BALB/c mice incubated with
thioproline (1 mM), NAC (1 mM), ascorbic acid (5 "M), and !-tocopherol (5 "M)

Young Adult Mature Old

Control 14.1 ! 2.1 13.6 ! 2.3 14.7 ! 1.3 12.5 ! 1.3
Thioproline 25.8 ! 3.0 26.5 ! 1.9 27.2 ! 3.2 32.5 ! 2.4

*** *** *** ***
NAC 30.9 ! 7.0 28.0 ! 3.3 32.8 ! 4.1† 27.1 ! 5.2

*** *** *** **
Ascorbic acid 27.0! 2.7 22.4 ! 2.5†† 23.1 ! 2.8††† 27.8 ! 5.2

*** *** *** **
Tocopherol 28.2 ! 2.8 26.0 ! 2.8 23.9 ! 1.2††† 34.6 ! 7.9

*** *** *** **

Each value is the mean of eight experiments performed in duplicate.
* p & 0.05; **p & 0.01; *** p & 0.001 with respect to control values.
† p & 0.01 with respect to thioproline values.
†† p & 0.05; †††p & 0.001 with respect to NAC values.

Table 4
NK lysis percentages of total mononuclear cell suspensions from peritoneum of BALB/c mice incubated
with thioproline (1 mM), NAC (1 mM), ascorbic acid (5 "M), and !-tocopherol (5 "M).

Young Adult Mature Old

Control 12.0 ! 1.4 15.2 ! 2.8 6.1 ! 3.9 10.2 ! 3.5
Thioproline 11.2 ! 2.8 30.4 ! 6.1 28.0 ! 6.3 13.9 ! 1.9

*** ***
NAC 9.4 ! 3.2 28.4 ! 5.5 29.5 ! 7.4 16.5 ! 7.0

*** ***
Ascorbic acid 22.9 ! 1.2†††,‡‡‡ 22.9 ! 4.6 14.8 ! 3.2†,‡ 32.1 ! 6.4††,‡

*** **
Tocopherol 18.1 ! 5.0 28.5 ! 5.6 30.1 ! 8.4§ 32.6 ! 6.4††,‡‡

** *** ***

Each value is the mean of eight experiments performed in duplicate.
* p & 0.05; **p & 0.01; *** p & 0.001 with respect to control values.
† p & 0.05; ††p & 0.01; †††p & 0.001 with respect to thioproline values.
‡ p & 0.05; ‡‡p & 0.01; ‡‡‡p & 0.001 with respect to NAC values.
§ p & 0.05 with respect to ascorbic acid values.
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activity (Mysliwska et al., 1992; Mariani et al., 1996; Albright and Albright, 1998). In
fact, this loss of NK function with aging would explain, at least in part, the higher
incidence of neoplastic growth in old age.
The different response of the natural activity from thymus cells (with respect to those

from the other locations) to age (no effect) and to the antioxidants (high significant effect
at all ages studied), could be explained on the basis of the different cellular populations
on the immunocompetent organs studied. Moreover, thymus is a primary immune organ
with a low proportion of differentiated cells and concretely of NK cells, a possible
explanation for the low levels of NK activity obtained in controls. The observed increase
in this response caused by antioxidants could have a favourable effect as regards the
control of tumor growth.
The usefulness of diet supplementation with antioxidants to prevent or limit age-related

immune depression has been recently shown in mice by many authors (Furakawa et al.,
1990; De la Fuente et al., 1998a). Immune cells require a delicate balance between
prooxidant and antioxidant mechanisms and reduced glutathione (GSH) plays a key role
because of the reducing power caused by the presence of a sulfhydryl group of cysteine.
As indicated by Saez et al. (1990), adequate levels of GSH contribute to the reduction of
hydrogen peroxide and lipid peroxides catalyzed by GSH peroxidase, thus serving as an
inhibitor of peroxidation-induced damage linked to excessive free-radical production
during oxidative stress.
In agreement with the above, not only GSH (Pieri et al., 1992) but also thioproline and

NAC, which act as glutathione precursors in cells, exert a favourable effect on immune
cells, the function of which depends on redox reactions of thiol compounds (Miquel and
Weber, 1990). Thus, GSH has been shown to increase lymphoproliferation in response to
mitogens in rat splenocytes (Pieri et al., 1992) as well as mobilization of neutrophils, also
in rats (Atalay et al., 1996), and we have observed a stimulation of murine lymphocyte
proliferation and migration after ingestion of a diet supplemented with thioproline for 36
weeks (De la Fuente et al., 1993). Even a short-term ingestion of this antioxidant (5
weeks) by old mice showed a stimulant effect on proliferation and mobility of lympho-
cytes, as well as on cytotoxic activities such as antibody-dependent cellular cytotoxicity
and NK activity (De la Fuente et al., 1998a). The antioxidant NAC has also been proven
to enhance the NK activity of lymphocytic cells from human peripheral blood, acting on
the distribution of those molecules of the cytoskeleton, which are implicated in cell-
substrate and cell-to-cell contacts (Rivabene et al., 1995). The other thiolic antioxidant
used, namely thioproline, may exhibit a similar action on cytolytic cells. Furthermore, in
a recent study, Urban et al. (1997) have shown that ingestion of NAC (600 mg daily) by
healthy individuals for a period of 2 weeks optimizes phagocytosis of neutrophils. We
have also observed that thioproline, NAC and GSH increase, in vitro several functions of
murine peritoneal macrophages (Del Rio et al., 1998). Thus, in the present work, the
highest increases of NK activity were usually seen in response to NAC and thioproline.
In addition, several antioxidants had been shown to increase interleukin IL-2 synthesis

in lymphocytes (Meydani, 1991). IL-2, a well-known enhancer of NK cell growth and
cytolytic activity (Celada, 1994; Nguyen et al., 1998), increases the production by NK
cells of interferon (IFN)-# and granulocyte macrphage-colony stimulating factor (Mehro-
tra et al., 1998). IFN-# and IL-2 have been proven to increase the NK activity from
peritoneal cells in BALB/c mice (Sayers et al., 1990). Moreover, it has been suggested that
IFN-# increases the NK recruitment from blood, whereas IL-2 enhances the lytic activity
of NK cells. Our group has observed an increment of IL-2 production in mice after diet
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supplementation with NAC " thioproline (unpublished data). On the other hand, it has
been proposed that the decrease in NK function with age is, at least in part, attributable
to decreased IL-2 levels (Albright and Albright, 1998). Thus, our antioxidants could
stimulate NK function in aged mice through IL-2 enhancement.
AA and VE are nutrients that regulate the immune system by their antioxidant

properties (Bendich, 1996; Jariwalla and Harakeh, 1996), thereby playing a stimulatory
role in the phagocytic function of human neutrophils in vivo (Muggli, 1993; De la Fuente
et al., 1998b) and in murine macrophages in vitro (Del Rio et al., 1998), as well as on
lymphocyte cells (Jariwalla and Harakeh, 1996; De la Fuente et al., 1998b). In the present
work, both antioxidants have shown a stimulant effect in vitro on NK activity. Other
vitamin antioxidant compounds such as $-carotene also enhances this cytotoxic activity
when supplemented in the human diet (Santos et al., 1998) or administered i.p. to mice
(Carlos et al., 1997).
The results obtained in the present work suggest the convenience of diet supplemen-

tation with thiolic compounds and antioxidant vitamins in order to prevent the reduced
cytotoxic activities found with aging, that may be responsible, at least in part, of the
greater incidence of neoplastic diseases.
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Changes in macrophage and lymphocyte functions in guinea-pigs after
different amounts of vitamin E ingestion
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Vitamin E is the main biological lipid-soluble antioxidant and plays a crucial role in the
maintenance of the immune system. In the present work, twenty-one guinea-pigs (3-weeks-old)
were distributed into three groups, which during 5 weeks ingested different amounts of vitamin E
(/kg diet): 15mg (low vitamin E diet), 150mg (medium vitamin E diet; control) or 1500mg (high
vitamin E diet). The function of lymphocytes and macrophages were then studied. In macro-
phages obtained from the peritoneum several steps of the phagocytic process (chemotaxis,
ingestion and superoxide anion production) were assayed, as well as chemotaxis and proliferation
of peritoneal and spleen lymphocytes. The results indicate that with respect to the medium
vitamin E diet, low ingestion of vitamin E causes a decrease in chemotaxis and production of
superoxide anion by macrophages and an increase in the phagocytic capacity. With the high
vitamin E diet an increase in macrophage and lymphocyte chemotaxis, superoxide anion
production and lymphoproliferative capacity, as well as a decrease in phagocytosis, were
observed. Therefore, diet supplementation with higher than usual levels of vitamin E appears
to be beneficial for the immune system.

Vitamin E: Leucocytes: Immune response: Guinea-pigs

Vitamin E is the most important lipid-soluble antioxidant
present in body tissues and is considered the first line of
defence against lipid peroxidation because of its quenching
activity that protects cell membranes from free radical
injury (Sies & Murphy, 1991). Determination of vitamin E
requirements is controversial because high vitamin E levels
may be necessary to prevent peroxidative damage. The
current recommended dietary allowance for vitamin E in
the USA is 10mg/d, which falls into the range of acceptable
intakes according to the COMA report (3⋅5–19⋅5mg/d).
However, although this vitamin E intake prevents the
clinical deficiency syndrome, it fails to maintain optimal
host defence especially in older subjects or in disease states
(Beharka et al. 1997). Recent research provides evidence
that a vitamin E intake much higher than the current recom-
mendations can contribute to improved human health (Mey-
dani et al. 1997; Weber et al. 1997). Results of several
studies suggest that increased vitamin E intake is associated
with a decreased risk of certain types of cancer (D’Avanzo
et al. 1997; Peng et al. 1998) and CHD (Kushi et al. 1996).
In fact, this antioxidant is involved in atherogenesis, inhibit-
ing the proliferation of vascular smooth muscle cells (Azzi

et al. 1995) and reducing the susceptibility of LDL to oxida-
tion (Simons et al. 1996). Moreover, on the basis of recent
data it can be assured that vitamin E is safe and well toler-
ated at much higher than the recommended daily intakes and
over long periods of time (Weber et al. 1997).
The important role of a-tocopherol in the defence against

oxidative damage is especially relevant in leucocytes,
because immune function and particularly phagocytic func-
tion is linked to the release of O2 radicals that participate in
the microbicidal activity of macrophages. Thus, the immune
system has been shown to be more sensitive than other
systems to antioxidant deficiencies in the diet (Meydani,
1998). Several authors have suggested that impaired host
defence can act as a very early and sensitive marker of
marginal deficiency of antioxidant micronutrients and thus,
assessment of immune functions could serve as an important
preventive diagnostic tool in the detection of marginal but
functionally relevant micronutrient deficiencies (Schmidt,
1997).
Although it is known that the immune response is

impaired when antioxidant vitamins are not present in the
diet (Bendich, 1989), few reports deal with vitamin E effects
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on immune function. Stimulation of the lymphoproliferative
response (Sakai & Moriguchi, 1997) and increased phago-
cytic activity (Moriguchi et al. 1990) have been shown.
More recently, an inhibition of macrophage migration
inhibitory factor was reported (Sakamoto et al. 1998). Our
group has also carried out recent work on the effect of
vitamin E on functions of murine leucocytes in vitro (Del
Rı́o et al. 1998) and on the immune response in a group of
elderly women to whom a supplemented diet was adminis-
tered (De la Fuente et al. 1998).
Considering the increasing interest on the beneficial effects

of vitamin E intake, especially on the immune response, the
aim of the present work was to study several immune
functions in an animal model, namely guinea-pigs that were
fed on diets containing three different amounts of vitamin E.

Animals and methods
Animals and diets

Dunkin-Hartley male guinea-pigs of 3 weeks of age were
obtained from Iffa-Credo (Lyon, France). The animals were
randomly divided into three experimental groups, each con-
taining seven individuals, which received three diets differ-
ing in the vitamin E content for 5 weeks, i.e. low diet (15mg
vitamin E/kg basal diet), medium diet (150mg vitamin E/kg
basal diet) and high diet (1500mg vitamin E/kg basal diet).
The same basal diet (U.A.R., Perpignan, France) was
administered to the three groups, which contained (g/kg):
protein 185, fat 29, carbohydrate 469, mineral mix 84,
vitamin mix 14, moisture 11, non-nutritive bulk 109. The
content of minerals and vitamins was (/kg diet): P 8⋅6 g, Ca
10⋅6 g, K 12⋅0 g, Na 3⋅45 g, Mg 3⋅13 g, Mn 100mg, Fe
320mg, Cu 26mg, Zn 85mg, Co 1⋅61mg, vitamin A
19 000 IU, vitamin D3 2031 IU, thiamine 22⋅5mg, riboflavin
21mg, pantothenic acid 1243mg, pyridoxine 10⋅7mg,
menadione 55mg, niacin 193mg, folic acid 7⋅3mg, biotin
0⋅275mg, choline 1⋅74 g, myoinositol 250mg, vitamin B12
0⋅054mg, p-aminobenzoic acid 10mg, vitamin C 660mg.
Guinea-pigs were housed in air-positive pressure animal
cabinets (A 130 SP, Flufrance, Cachan, France) with an
HEPA air-filter at the inlet (99⋅999% for particles! 0⋅03"m
at the inlet).

Collection of leucocyte suspensions
The animals were killed by decapitation according to the
guidelines of the European Community Council Directives
86/6091 EEC. Peritoneal suspensions were obtained from
each animal following a method previously described
(Ortega et al. 1992). Briefly, after intraperitoneal injection
of 10ml Hank’s medium (Gibco Canada Ltd., Burlington,
Ontario, Canada), the abdomen was massaged and peritoneal
resident cells, containing macrophages and lymphocytes,
were removed, allowing the recovery of 90–95% of the
injected volume. The macrophages, identified bymorphology
and non-specific esterase staining, and the lymphocytes
were counted in Neubauer chambers and their concentrations
were adjusted in the same medium at 5 × 105 cells/ml. The
spleen was removed aseptically, freed of fat, minced with
scissors and gently pressed through a mesh screen (Sigma,

St. Louis, MO, USA). The cell suspension was centrifuged
in a gradient of Ficoll-Hypaque (Sigma) with a density of
1⋅070 g/ml. The material in the interface was resuspended in
RPMI 1640 enriched with L-glutamine (Gibco Canada Ltd.)
and supplemented with 10% heat-inactivated fetal calf
serum (Gibco Canada Ltd.) and gentamicin (100"g/ml,
Gibco Canada Ltd.), washed and the number of lympho-
cytes adjusted to 1 × 106 cells/ml. Cellular viability was
routinely measured before and after each experiment by the
Trypan-Blue exclusion test and was higher than 95% in all
experiments.

Chemotaxis, phagocytosis and superoxide
production assays

These assays were carried out following methods previously
described (De la Fuente et al. 1991). Chemotaxis was
evaluated using chambers with two compartments separated
by a filter (Millipore, Mildford, MA, USA) of 3"m pore
diameter. Aliquots of 300"l of the peritoneal suspension
were deposited in the upper compartment, and aliquots of
400"l of the chemoattractant fMet-Leu-Phe (Sigma) at a
concentration of 10−8 M in the lower compartment. The
chambers were incubated for 3 h, the filters fixed and stained
and the number of macrophages and lymphocytes in the
lower face of the filter were counted and recorded as the
chemotaxis index.
Phagocytosis of inert particles (latex beads (1⋅09"m)

diluted to 1% in PBS) was carried out incubating aliquots of
200"l of the peritoneal suspension in migratory inhibitory
factor plates (Sterilin, Teddington, London, UK) for 30min.
The adhered monolayer was washed with PBS at 37!C, and
200"l Hank’s medium and latex (20"l) were added. After
30min of incubation, the plates were washed with PBS,
fixed and stained, and the number of latex beads ingested
per 100 macrophages were counted and recorded as phago-
cytosis index.
Superoxide production was determined by the Nitroblue

Tetrazolium (Sigma) reduction test, based on an equimole-
cular reaction between Nitroblue Tetrazolium and super-
oxide anion (Bagasra et al. 1988). Aliquots of 250"l of
peritoneal suspension were mixed with 250"l of Nitroblue
Tetrazolium solution (1mg/ml) and 50"l latex beads were
added to one sample set (stimulated samples) and 50"l
Hank’s medium to the other set (non-stimulated samples).
After 60min of incubation in a bath at 37!C, the reaction
was stopped, and following centrifugation, the supernatants
were discarded and the reduced Nitroblue Tetrazolium was
extracted with dioxan. The absorbance of supernatants was
determined in a spectrophotometer at 525 nm.

Lymphocyte proliferative response assay
Proliferation of lymphocytes, spontaneous and induced by
phytohaemagglutinin as mitogen, was determined in 72 h
cultures. Aliquots of 200"l of spleen lymphocyte suspen-
sion were seeded in ninety-six well flat-bottomed microtiter
plates (Costar, Cambridge, MA, USA), and incubated in
the absence or in the presence of phytohaemagglutinin
(25"g/ml) for 48 h at 37!C in an atmosphere of 5% CO2.
To measure proliferation a BrdU labelling and detection
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commercial kit (Roche Diagnostics, Basilea, Switzerland)
was used. Briefly, it consisted of the addition to the culture
medium of BrdU that is incorporated into freshly synthe-
sized DNA. Following fixation of cells, cellular DNA is
partially digested by nuclease treatment. A peroxidase-
labelled antibody to BrdU is then added. At the final step,
the peroxidase substrate is added, yielding a coloured
reaction product as a result of peroxidase enzyme activity.
The absorbance of the sample (measured at 405 nm) is
directly correlated with the level of BrdU incorporated
into cellular DNA.

Statistical analysis
The data are expressed as the mean and standard deviation
of the values from seven animals, each value being the mean
of duplicate assays. In the statistical study, the normality of
the samples was confirmed by the Kolmogorov-Smirnov
test and the homogeneity of variances by the Levene test.
When the variances were homogeneous, the one-way
ANOVA and Scheffe F test were used for the comparison
of parametric samples. Conversely, when the variances
were not homogeneous, the one-way ANOVA and Tamhane
test were used.

Results
The results are shown in Table 1. Chemotaxis of peritoneal
macrophages shows a significant increase with the diet high
in vitamin E in comparison with the medium (P# 0⋅01) and
low (P# 0⋅001) diets, and also a significant (P# 0⋅01)
decrease with the low diet as compared with the medium
one. With respect to the effects observed in lymphocytes,
animals fed on the high vitamin E diet showed higher
chemotaxis indexes (P# 0⋅05) than those fed on the low
vitamin E diet. Phagocytosis of latex beads was significantly
(P# 0⋅001) stimulated with the low vitamin E diet with
respect to the others, while no significant difference was
observed between the medium and high diets. The produc-
tion of superoxide anion was significantly (P# 0⋅001)

reduced in guinea-pigs fed on the low vitamin E diet with
respect to the others. Again no significant difference was
observed between the medium and high diets.
A statistically significant increase was found in sponta-

neous lymphoproliferation with the high vitamin E diet
with respect to the medium (P# 0⋅01) and low (P# 0⋅001)
diets. The proliferation in response to the mitogen phyto-
haemagglutinin showed the same pattern with significant
differences found for the high vitamin E diet with respect to
the control (P# 0⋅001) and low (P# 0⋅01) diets.

Discussion
The effects of three different amounts of vitamin E in the
diet of guinea-pigs have been studied. Animals in the low-
vitamin-E-diet group ingested 0⋅6–0⋅75mg/d, a dose very
close to the minimum daily requirement for long-term main-
tenance of the growing guinea-pig, i.e. 1mg/d (National
Research Council, 1978). Animals in the medium-diet
group ingested vitamin E in the normal range used for
routine maintenance of guinea-pigs, 6-fold higher than the
minimum daily requirement. Finally, the high-diet group
was designed to clarify the effects of supplementing the diet
with amounts of vitamin E 65-fold higher than the minimum
daily requirement.
In the present work, an increase in the migration capacity

of macrophages, which is an early step of the phagocytic
process, was found with the high vitamin E diet. Recently it
has been reported that vitamin E inhibits the secretion of
macrophage migration inhibitory factor (Sakamoto et al.
1998), which provides a possible explanation for our results.
The decreased chemotaxis of macrophages found in the
guinea-pigs fed on the low vitamin E diet could indicate an
oxidative state in these animals. Peritoneal macrophages
from mice with oxidative stress caused by endotoxin have
shown a decreased chemotaxis capacity (Vı́ctor et al. 1998),
which seems to be due to a high production of migration
inhibitory factor (Calandra & Bucala, 1997).
The phagocytic activity of macrophages was increased

27Vitamin E modulates leucocyte functions in guinea-pigs

Table 1. Effect of different vitamin E contents in the diet on variables of macrophages and lymphocytes function in guinea-pigs
(Mean values and standard deviations for duplicate determination for seven guinea-pigs per group)

Dietary vitamin E

Low Medium High
(15mg/kg diet) (150mg/kg diet) (1500mg/kg diet)

Mean SD Mean SD Mean SD

Macrophage functions
Chemotaxis index‡ 108** 16 151 18 205**††† 23
Phagocytosis index§ 827*** 58 407 59 325††† 36
Non-stimulated O−

2 production (A525) 0⋅017*** 0⋅003 0⋅043 0⋅007 0⋅045††† 0⋅01
Stimulated O−

2 production (A525) 0⋅028*** 0⋅007 0⋅066 0⋅007 0⋅064††† 0⋅011
Lymphocyte functions
Chemotaxis 50 6 59 8 62† 6
Spontaneous proliferation (A405) 0⋅172 0⋅008 0⋅179 0⋅028 0⋅231**††† 0⋅049
Proliferative response to mitogen (A405) 0⋅235 0⋅022 0⋅211 0⋅014 0⋅286***†† 0⋅032

A, absorbance measured at the wavelength (nm) shown as subscript.
Mean values were significantly different from those of the medium vitamin E diet group (control): **P# 0⋅01, ***P# 0⋅001.
Mean values were significantly different from those of low vitamin E diet group: †P# 0⋅05, ††P# 0⋅01, †††P# 0⋅001.
‡ The chemotaxis index was the number of cells in the lower face of the filter. For details of procedures, see p. 26.
§ The phagocytosis index was the number of latex beads ingested per 100 macrophages. For details of procedures, see p. 26.



for the cells from guinea-pigs that ingested the low vitamin
E diet, a fact seen also by other authors in alveolar macro-
phages of rats (Moriguchi et al. 1990). Thus, these phago-
cytic cells exhibit in vitamin E deficient guinea-pigs a
behaviour similar to that seen in mice with oxidative stress
by endotoxic shock (Vı́ctor et al. 1998) or ageing (McArthur
et al. 1998). With the diet high in vitamin E, a lower index
of phagocytosis was obtained without significant differ-
ences between the medium and high vitamin E diets,
which is in agreement with other authors (Hogan et al.
1992). Again, as in phagocytosis, we observed the same
levels of superoxide anion production with the medium and
high vitamin E diets, significantly higher than the corre-
sponding values with low vitamin E doses. This supports the
idea that the observed increment in phagocytosis found in
response to the low vitamin E diet is not favourable from an
immunological viewpoint since it does not result in an
increase in microbicidal capacity.
The lymphoproliferative response is one of the most

widely studied functions of lymphocytes. There are several
reports on the effect of vitamin E supplementation on this
pivotal immune activity, most of them showing a positive
role of this antioxidant (Sakai &Moriguchi, 1997; McArthur,
1998). Accordingly, we also found an increased prolifera-
tion in response to phytohaemagglutinin mitogen in the
animals that received the high dose of vitamin E. This
action might be explained by a vitamin E induced decrement
of prostaglandin E2 production, which has been correlated
with an increase in interleukin 2 production and concomi-
tant raised proliferation (Beharka et al. 1997).
In conclusion, recent data support the idea that high

ingestion of vitamin E is safe (Weber et al. 1997). In addi-
tion, our results indicate that a greater than recommended
intake of vitamin E in the diet improves the immune
response of adult guinea-pigs. Therefore, supplementation
of the diet with higher amounts of this vitamin should be
considered in order to improve human health.
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sulphur-containing antioxidants
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Several immune functions are markers of health, biological age and predictors of longevity.
A chronic oxidative and inflammatory state is the main cause of ageing and the immune system
is involved in the rate of ageing. Thus, several murine models of premature ageing have been
proposed owing to their early immunosenescence and oxidative stress, such as ovariectomised
rats and mice, obese rats and anxious mice. In the last model, the most extensively studied by
us, mice showing anxiety have an aged immune function and redox status as well as a shorter
longevity in comparison with animals without anxiety of the same chronological age, being
denominated prematurely ageing mice. A confirmation of the above is that the administration
of diets supplemented with antioxidants improves the redox status and immune functions and
increases the longevity of prematurely ageing mice. Antioxidant precursors of glutathione such
as thioproline or N-acetylcysteine, which have a relevant role in ageing, have been the most
widely investigated in adult prematurely ageing mice in our laboratory. In the present work, we
have studied the effects of the ingestion for 5 weeks of a diet supplemented with 0.1% (w/w)
thioproline+N-acetylcysteine on several functions of leucocytes from chronological old (69–73
weeks of age) prematurely ageing mice of two strains (Swiss and BALB/c). The results show
an improvement of the immune functions, with their values becoming closer to those in adult
animals (24!2 weeks). Thus, an adequate nutrition with antioxidants, even in aged subjects,
could be a good strategy to retard ageing.

Ageing: Immunosenescence: Leucocyte functions: Antioxidants

The ageing process and the concepts of biological
age and longevity

The ageing process may be defined as a progressive and
general deterioration of the functions of the organism that
leads to a lower ability to adaptively react to changes and
preserve homeostasis. As Strehler pointed out, four rules
can define ageing. It is universal (practically all animals
suffer ageing), progressive (the rate of ageing is similar
at different ages after reaching the adult state), intrinsic

(its cause is endogenous) and deleterious (at least for
individuals since it leads to their death)(1). Although the
accumulation of adverse changes with the passing of time
should not be considered a disease, it strongly increases
the risk of disease, and finally results in death.

The ageing process is highly heterogeneous, and thus,
there are different rates of physiological changes in
the various systems of the organism and in the diverse
members of a population of the same chronological age.
This justifies the introduction of the concept of ‘biological

Abbreviations: GSH, reduced glutathione; NAC, N-acetylcysteine; NK, natural killer; NPAM, non-prematurely ageing mice; PAM, prematurely ageing
mice; TP, thioproline.
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ageing’, which determines the level of ageing experienced
by each individual and therefore his/her life expectancy.
The biological age is related to the mean longevity, which
can be defined as the mean of the time that the members of
a population who have been born on the same date live.
Subjects of a population with a higher rate of ageing
show an older biological age and have a shorter lifespan.
Since chronological age fails to provide an accurate indi-
cator of the ageing process, it is necessary to select para-
meters useful as biomarkers of ageing to find out the rate
of ageing and therefore the probable longevity of each
subject(2).

An integrated theory of ageing: how, where and why
of ageing

Almost 400 single-cause theories have been proposed to
explain the ageing process(3), giving only partial ex-
planation for the causes and effects of ageing. Recently, an
integrated theory has been published(2) attempting to
answer the three important questions of biogerontology:
the ‘how’, the ‘where’ and the ‘why’ of ageing. In answer
to the question ‘how’ ageing happens, it is proposed that
the ageing process is a chronic oxidative stress condition
(increase of oxidant compounds and decrease of anti-
oxidant defences). Thus, it is linked to many age-related
changes that affect a large number of parameters including
morphology, physiology and behaviour at all levels of
organization: molecular, cellular, tissue, organic and that
of the whole individual. In addition, since emerging evi-
dence shows the close link between oxidation and in-
flammation, and since with ageing the pro-inflammatory
compounds increase to levels higher than those of the anti-
inflammatory compounds, leading to inflammatory stress,
an oxidative and an inflammatory state have been sug-
gested as the cause of the loss of function that appears with
senescence(2). To answer ‘where’ the ageing process starts,
it is proposed that this happens in the mitochondria of post-
mitotic and differentiated cells. With respect to ‘why’
ageing happens, the answer seems to be found in several
evolutionary theories and related concepts published a long
time ago. Hence, ageing is a consequence of characteristics
selected by evolution as an advantage for the young sub-
jects of the species allowing them to reach the reproductive
age in the best condition and thus preserve the species.
However, these characteristics are a disadvantage for
old subjects (not needed for species maintenance). An
example is the expression of more pro-oxidant and pro-
inflammatory genotypes, which allow the reaching of the
reproductive age with more probability since the subjects
are more able to survive infections. The consequence
after adult age is the establishment of what has been called
‘oxi-inflamm-ageing’(2).

Immunosenescence: the immune system as a marker
of biological age and predictor of longevity

Ageing is associated with an impairment of physiological
systems including the immune system, which has evolved
to protect individuals against infections and cancers.

In fact, with the passage of time there is an increase of
infectious and cancerous processes, which exert a great
influence on the age-related morbidity and mortality(4,5).
Indeed, the increased death rate found in aged populations
is due in great proportion to infections(5,6). The profound
impact of ageing on immunity is presently accepted. Thus,
although there are contradictory results, almost every
component of the immune system undergoes striking age-
associated re-structuring. This leads to changes that may
include not only diminished, but also enhanced functions.
Therefore, the changes of the immune system with ageing
are termed immunosenescence. Despite the rapidly in-
creasing amount of data on immunosenescence in the last
few decades(2,7–11), the puzzle of all the changes in the
different aspects of the immune function with age has not
yet been solved. Nevertheless, the pronounced age-related
decrease in T-cell functions is evident, specially in the
T-cell helper, which affects humoral immunity and causes
an impaired B-cell function(2,7). In the cells of innate
immunity, the phagocytic cells show functions that
decrease with ageing and others that are over acti-
vated(2,11–13), whereas the anti-tumoral activity of natural
killer (NK) cells, in most of the work, shows an age-related
decrease(2,11,14).

In addition, it has been demonstrated that the compe-
tence of the immune system is an excellent marker of
health(2,4,8,15,16) and several age-related changes in immune
functions, such as low T-cell proliferative responses, IL-2
secretion and NK cell cytotoxicity, have been linked to
longevity(2,15,16). In previous studies, the earlier-mentioned
functions and other immune functions, in lymphocytes and
phagocytes, have been established as markers of biological
age and therefore as predictors of longevity(2,13,16,17).
These functions have shown similar age-related changes in
human subjects (studied from the adult age of 20 until 80,
in leucocytes of peripheral blood), and in mice (throughout
the life of these animals, with a mean life span of 2 years,
in their peritoneal leucocytes)(2). In order to identify the
above parameters as markers of biological age, it is
necessary to confirm that the levels shown in particular
subjects reveal their real health and senescent conditions.
This has been achieved in the following two ways:
(A) Ascertaining that the individuals with those parameters
showing levels older than those of most subjects of the
same population, sex and chronological age, die before
their counterparts. This can be confirmed only in ex-
perimental animals. (B) Finding that the subjects reaching
a very advanced age, preserve these immune functions at
levels similar to those of adults. This can be tested on both
humans (centenarians) and experimental animals, such as
extremely long-lived mice. While biologically older ani-
mals showing the immune competence levels characteristic
of chronologically older individuals have been found to die
prematurely(2,17), centenarians and long-lived mice exhibit
a high degree of preservation of several immune functions,
which may be related to their ability to reach a very
advanced age in a healthy condition(2,13,18–20). All the
above results confirm that the immune system is a good
marker of biological age and a predictor of longevity.
Moreover, since the evolution of these immune functions is
similar in mice and human subjects, it can be assumed that
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those human subjects showing immune parameters at the
levels of older subjects have a higher biological age and a
shorter longevity(2).

Neuro-endocrine-immune communication in ageing.
The role of the immune system in oxi-inflamm-ageing

and in the age-related loss of homeostasis

The immune system does not work alone, since the three
regulatory systems, namely the nervous, the endocrine
and the immune systems, are intimately linked and in-
terdependent. Thus, there is a ‘neuroendocrine–immune’
system that allows the preservation of homeostasis and
therefore of health(21,22). The communication between
these systems has allowed the understanding of why
situations of depression, emotional stress and anxiety
are accompanied by a greater vulnerability to infections,
cancers and autoimmune diseases, which agrees with the
concept that the immune system is affected(2,23,24).
The impairment of physiological systems with ageing

especially affects the three regulatory systems and their
communication. This seems to justify the loss of homeo-
static capacity and the resulting increase of morbidity and
mortality that appears with ageing(2,16). In addition, the
age-related changes in the organism are linked to a chronic
oxidative and inflammatory stress affecting all cells and
especially those of the regulatory systems, which explains
their impaired function(2,16). Thus, immunosenescence has
as its basis an oxidative and inflammatory stress situation,
and the theory of oxidation–inflammation in ageing,
recently proposed(2,16), integrates the idea of ‘inflamm-
aging’(25) with the oxidation theory of ageing(2,16). Ac-
cording to this theory, chronic oxidative and inflamma-
tory stress lead to the damage of cell components,
including proteins, lipids and DNA, contributing to the
age-related decline of physiological functions, especially in
cells of the regulatory systems, including the immune
system. Moreover, the immune system, due to its capacity
of producing oxidant and inflammatory compounds in
order to eliminate foreign agents, could be involved with
the rate of ageing, increasing oxidation and inflammation,
if the age-related oxidative and inflammatory stress are not
well controlled(2,16). In this context, a relationship has been
found between the redox and inflammatory state of the
immune cells, their functional capacity and the lifespan of
a subject. Thus, when an animal shows a high-oxidative
stress in its immune cells, these cells have an impaired
function and that animal shows a decreased longevity. This
happens in chronologically and biologically older human
subjects and mice(2,17). On the contrary, subjects who
achieve greater longevity, such as human subject cen-
tenarians and extremely long-lived mice, show a preserved
redox state and immune functions(2,13,19,20). One of the
most relevant mechanisms involved in the cellular redox
state is the NF-kB. This transcription factor plays a key
role in regulating the expression of a wide range of oxi-
dants and inflammatory compounds, especially in the
immune cells, and increases in many chronic inflammatory
diseases. In fact, it has been observed that the NF-kB
activation, in resting conditions, is very high in leucocytes

from old mice, but lower in extremely long-lived mice and
adult animals(19). Moreover, only old subjects with con-
trolled basal NF-kB activation in leucocytes achieved
longevity. Adults with a high basal expression of this fac-
tor, died early(19).

In conclusion, only aged individuals who maintain a
good regulation of the leucocyte redox state and conse-
quently a good function of their immune cells, with levels
similar to those of healthy adults, reach very high long-
evity. Thus, the immune system seems to be a good pre-
dictor of longevity(2,19,20).

Murine models of premature immunosenescence

Support for the above oxidation–inflammation theory of
ageing and especially for the role of the immune system in
ageing, may be obtained by the study of animal models in
which subjects showing premature immunosenescence and
a high oxidative and inflammatory stress in their immune
cells (and in other cells), show decreased longevity
in relation to other members of the group of the same
chronological age. In this context, several murine models,
such as the following, have been investigated and devel-
oped during the last few years as novel approaches to
assess premature ageing and the above-mentioned idea.

Menopausal models

Menopausal women as well as ovariectomised rats and
mice (a good model for mimicking human menopause)
constitute a model for assessing premature ageing, since
they show premature immunosenescence and a high oxi-
dative stress condition(2,26–28). Thus, ovariectomised female
rats and mice show a redox state and function in leucocytes
similar to those in males(2,27). In mammalian species,
males have a higher oxidative state and a worse function in
their immune cells than those of females, having a lower
mean life span than the latter(2,27,29). This fact is due to
oestrogens resulting in a less oxidized condition(30).

Obesity models

Obese subjects show a higher incidence of infections and
some types of cancer, suggesting an impaired immune
function. In general, the scarce studies on the immunity
state in obese compared to non-obese subjects of the same
chronological age, show a worse immune function, which
have been observed in both genetically and diet-induced
obese rats(2,31–33). Moreover, obesity is associated with an
inflammatory state(32), and immune cells from obese rats
show premature immunosenescence as well as an oxidative
stress situation(2,33).

Models of poor response to stress, anxiety and depression

It is accepted that an inadequate response to stress is one
of the conditions leading to an acceleration of ageing,
accompanied by an impaired immune system and other
physiological systems(2,16,17). Thus, it has been shown that
mice with chronic hyper-reactivity to stress and anxiety
show a premature immunosenescence, a higher oxidative
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stress and a shorter lifespan. These animals show pre-
mature ageing(17), and this model will be explained in
more detail later. Recently, it has also been observed that
mice exposed to the stressful condition of isolation have
behavioural responses that reveal a certain degree of
depression and a more evident inmunosenescence than
control animals of the same age housed in groups(34). In
addition, human subjects suffering chronic anxiety or
depression show a significant premature immunosenes-
cence and oxidative stress(23,24).

Model of prematurely ageing mice

A model of premature ageing in mice based on altered
stress-related behavioural response and immunosenescence
has been established(17). The animals are termed prema-
turely ageing mice (PAM), in contrast to the non-prema-
turely ageing mice (NPAM) of the same population, sex
and chronological age, are identified by their poor response
in a simple T-maze exploration test. This provides strong
support for the concept that the nervous and the immune
systems are closely linked. In mice showing premature
ageing, it has been observed that several immune functions
were similar to those of chronologically older mice. In
addition to a more significant immunosenescence, the
PAM exhibited high levels of anxiety and emotionality,
showing a brain neurochemistry characteristic of older
animals and an oxidative stress situation. Moreover, PAM
also had increased baseline corticosterone and a blunted
stress response when compared to NPAM. Nevertheless,
the most convincing evidence that the immune function
parameters studied are useful markers of biological age, is
that the PAM showed a shorter lifespan than their NPAM
counterparts (2,16,17).

Effects of a diet supplemented with antioxidants
in ageing and immunosenescence

Ageing cannot be ‘eliminated’, it can only be mitigated,
i.e. making the process slower. Since the base of the
functional longevity of each subject is health maintenance,
and this depends on the genes (approximately 25%) and on
the lifestyle and environmental factors (75%), it is possible
to retard the rate of ageing through the modulation of these
factors such as nutrition(2). Among all the aspects that can
be considered good nutrition, the antioxidant compounds
present in the diet seem to be the most effective. As men-
tioned above, ageing is the result of a chronic oxidative
stress with an oxidant–antioxidant imbalance due to an
excess of the oxidants and a decrease or impairment of the
antioxidant defences(2). In fact, a confirmation of this is
the age-related decrease of several antioxidants(26,35) as
well as the increase of longevity in animals that received
these antioxidants in their diet(36,37).
Moreover, nutritional status has a marked effect

on immune response in elderly individuals(38). Since the
functional state of the immune system is a marker of
health, biological age and a predictor of longevity, it would
be convenient to test the effects of a strategy such as diets
rich in antioxidant compounds to retard the ageing process,

analysing immune cell functions and their redox state as
well as the mean longevity of the subjects. The adminis-
tration of antioxidants could prevent the age-related
imbalance of oxidants–antioxidants in the immune cells.
Nevertheless, it should be considered that the immune cells
need to produce oxidants to carry out their functions and
thus, they may exhaust their reserves of antioxidants(2).
This could help to explain why, in both adult experimental
animals and human subjects, the functional capacities of
the immune cells improve after diet supplementation with
the appropriate amount of antioxidants(2). It is evident that
the amount of antioxidants needed by the immune cells in
old subjects is higher than that in adults, since these cells
show an age-related impairment of redox regulation with
a higher production of oxidants and lower levels of
antioxidant defences(2,39). Thus, the administration of
compounds such as vitamins C and E, polyphenols and
precursors of reduced glutathione (GSH; taurine, thiopro-
line (TP) and N-acetylcysteine (NAC), among others) in
isolation, in nutritional formulations or through food rich
in these compounds, has been shown to improve the
immune functions and decrease the oxidative stress in
leucocytes and in other cells of the organism(2). These
effects have been shown in adults, but especially in pre-
maturely ageing subjects and in chronologically elderly
men, women and mice(2,11,16,26). Moreover, the confirma-
tion of the central role of the immune system in oxi-
inflamm-ageing is that the administration of adequate
amounts of antioxidants in the diet, increases the longevity
of the subjects(2). This has been observed in experimental
animals such as mice with a lifespan of 2 years. Since the
improvement in the immune function and redox state
found with antioxidant supplementation is similar in
human subjects and mice, and because these changes in
mice are accompanied by an increase in lifespan, it is
probable that similar effects could be observed in human
subjects. These antioxidants seem to have a direct effect on
the immune cells since they improve the same immune cell
and redox parameters in vitro as well as ex vivo after their
ingestion in the diet(2).

The effects of the dietary supplementation with anti-
oxidants on immune cell functions and their redox
state have been observed in several of the models of pre-
mature ageing mentioned earlier. The results found with
mice suffering anxiety, the premature ageing model pre-
viously mentioned, will be discussed in the next section. In
the murine model of ovariectomy, an improvement of
several immune functions by a five-week ingestion of a
diet enriched (1mg/mouse/d) in soyabean isoflavones and
green tea has been observed in ovariectomised old
mice(40). This agrees with the overall observation that any
positive change in the diet is more effective in improving
immune response in subjects of a biological older popu-
lation(2,16,17).

Effects of a diet supplemented with antioxidants
on a model of prematurely ageing mice

In the model of PAM the effect of a diet supplemented
with appropriate amounts of antioxidants on many

654 M. De la Fuente



Pr
o
ce
ed
in
gs

o
f
th
e
N
ut
ri
ti
o
n
So

ci
et
y

immune functions and oxidative stress parameters, which
were previously accredited as markers of biological
age, has been extensively studied(17). A dietary supple-
mentation of biscuits enriched with nutritional doses of
vitamin C and E, zinc, selenium and b-carotenes, for
15 weeks, with both 5% and 20% (w/w), improves the
function and redox balance of peritoneal immune cells
from chronologically adult (27–31 weeks of age) and
mature (48–52 weeks of age) PAM and NPAM animals.
However, the effects were stronger in PAM, and
20% supplementation was more effective than 5%(17,41).
This supplementation with 20% of biscuits enriched
with antioxidants also improved the functions and redox
balance of the immune cells from chronologically young
(16–20 weeks of age) PAM after only 5 weeks of in-
gestion(42,43). Moreover, a supplementation with 20%
(w/w) of polyphenol-rich cereals, for 5 weeks, improved
the immune cell functions in young (16–20 weeks of age)
PAM(44).
The type of antioxidant supplementation most fre-

quently studied in PAM and NPAM has been that
using sulphur-containing antioxidants that are precursors
of GSH(17). These antioxidants have been shown to
increase longevity(36,37). GSH is the most abundant
non-protein thiol in mammalian cells, being considered
essential for their survival, and with an important role
in many biological processes(2). An increase in the levels
of GSH reinforces antioxidant protection, preserves
the intracellular redox state and the cellular func-
tion(2,26,35). Therefore, optimal immune functions, such
as T-cell proliferation among others, will require
proper levels of GSH(2,26,35). In previous studies, it
has been observed that GSH stimulates many immune
functions in vitro and protects cells against apoptosis(2).
The two antioxidant GSH precursors most often
studied and used in the present work have been TP
and NAC. TP is an antioxidant present in mitochondria,
which can increase the levels of GSH(37) and thus increases
the longevity(36,37). Although this is an aspect very little
studied, in previous investigations, it has been shown
that TP in vitro improves several functions of immune
cells from mice, as well as the activity of antioxidant
enzymes(2). In aged mice, the supplementation with
TP (0.07 (w/w), for 5 weeks) improved several immune
functions(45). NAC is an antioxidant that acts as a GSH
precursor(26,35) and also neutralizes free radicals in a
direct manner. This antioxidant action has been observed
in immune cells from mice with endotoxic shock, a situa-
tion of high oxidative stress(46). NAC in vitro increases
several functions of peritoneal macrophages from adult
mice in a similar way to GSH, as well as the activity of
antioxidant enzymes(2). In elderly women, the ingestion of
NAC improves several immune functions and the redox
state(26).
In adult PAM, the supplementation of a diet with TP

(0.1% (w/w) for 5 weeks) improves the peritoneal macro-
phage functions(47) and the same occurs with the supple-
mentation with NAC(48). When the diet contains both TP
and NAC (0.1% (w/w)), the supplementation for 4–5
weeks improves the function of immune cells in Swiss and
BALB/c mice(49,50).

Effects of a diet supplemented with two
sulphur-containing antioxidants (thioproline and

N-acetylcysteine), precursors of reduced glutathione,
on several leucocyte functions in old prematurely

ageing mice of two strains

In previous studies, it has been shown that the ingestion of
a diet supplemented with TP+NAC (0.1% (w/w)) by adult
female Swiss and BALB/c mice for a short period of time
(4–5 weeks) improves several immune functions such as
chemotaxis, lymphoproliferative response to the mitogen
concanavalin A, IL-2 release and NK activity in leucocytes
from peritoneum, axillary nodes, spleen and thymus(39,49).
In the present work, it has been investigated whether this
supplementation with 0.1% of TP+NAC for 5 weeks
could be enough in chronologically old (69–73 weeks of
age) PAM Swiss and BALB/c mice to improve those
immune functions to the level of adult (22–26 weeks of
age) animals.

Female mice of the Swiss and BALB/c strains (Harlan,
Iberica, Spain) 20–24 weeks of age were maintained in
sterile conditions at a constant temperature (20–24!C) on
a 1212 reversed light–dark cycle and fed water and Stan-
dard Sander Mus pellets (A.04 diet; Panlab LS, Barcelona,
Spain) ad libitum until the moment of starting the experi-
ment. At 64–68 weeks of age, the exploratory behaviour
of each mouse was tested in a T-shaped maze. As pre-
viously described(17), the mice that completed the explo-
ration of the first arm of the maze four times in more than
20 s (once each week for 4 consecutive weeks) are con-
sidered PAM and those that spent less than that time are
NPAM. At 69–73 weeks of age, eight groups of 10 animals
each were used. In each strain, 10 PAM and 10 NPAM
received a diet (A.04 diet; Panlab) supplemented with
0.1% (w/w) of both TP and NAC (Sigma, San Louis,
MO, USA) for 5 weeks (PAMA and NPAMA, respec-
tively). Two other groups of 10 PAM and 10 NPAM, of
both strains, received a normal diet (PAMC and NPAMC,
respectively) during that time. After 5 weeks, the mice
were killed by cervical dislocation according to the
European Community Council Directives 86/6091 EEC
and the axillary nodes, spleen and thymus were removed.
In parallel, a group of adult (20–26 weeks of age) Swiss
and BALB/c mice were sacrificed.

The leucocyte suspensions from organs were obtained
and the functions studied were evaluated following meth-
ods previously described(49). The chemotaxis was eval-
uated using a chamber with two compartments separated
by a filter. The samples of leucocytes were deposited in
the upper compartment and the chemoattractant (f-met-leu-
phe, 10 - 8mol/l) in the lower compartment. After 3 h
incubation, the filters were fixed and stained and the
number of leucocytes found in four scans of 5mm each on
the lower face of the filter was determined and nominated
the chemotaxis index. The proliferation of lymphocytes
was determined using a commercially available 5-bromo-
20deoxyuridine ELISA (BrdU labelling and detection kit
III; Boehringer, Mannheim, Germany). The leucocytes
were incubated for 48 h in the absence (basal proliferation)
or presence of the mitogen concanavalin A (1mg/ml;
Sigma). The absorbance of the samples (measured at
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405 nm, with a reference wavelength of 490 nm) is directly
correlated with the level of 5-bromo-20deoxyuridine
incorporated into cellular DNA. The NK activity of the
leucocytes was studied using an enzymatic colorimetric
assay (Cytotox 96, Promega, Madison, WI, USA) for
cytolysis measurements of target cells (yeast artificial
chromosome-1 cells from a murine lymphoma) based on
the determination of lactate dehydrogenase enzymatic
activity using tetrazolium salt. After 4 h of incubation, the
percentage lyses of target cells was calculated. The con-
centration of IL-2 was determined in culture supernatants
of leucocytes from axillary nodes after 48 h of incubation
with concanavalin A using an ELISA kit (R&D System,
Minneapolis, MN, USA).

The results are shown in Tables 1–3 for leucocytes from
axillary nodes, spleen and thymus, respectively. The che-
motaxis indexes of leucocytes from axillary nodes, spleen
and thymus (with similar values in both strains of mice)
were in Swiss and BALB/c PAMC, smaller than in
the corresponding NPAMC. In all cases, the values in
old PAM and NPAM were lower than those in the adult
animals. The ingestion for 5 weeks of a diet supplemented
with TP+NAC increased, in general, with statistical sig-
nificant differences, the chemotaxis in PAMA and NPAMA
with respect to the corresponding controls (PAMC and
NPAMC). Moreover, the ingestion of the antioxidants
brought the levels of chemotaxis in aged animals close to
those in adults.

Table 1. Effect of a diet supplemented with two sulphur-containing antioxidants (thioproline (TP) and N-acetylcysteine (NAC); 0.1% (w/w) for

5 weeks) on several functions of axillary node leucocytes from chronologically old prematurely and non-prematurely aged Swiss and

BALB/c mice

(Mean values and standard deviations for 10 subjects)

NPAMC NPAMA PAMC PAMA AC

Mean SD Mean SD Mean SD Mean SD Mean SD

Swiss mice
Chemotaxis 441 91c 934 167*** 260 64c† 808 187*** 860 120
Basal proliferation (absorbance) 0.18 0.02 0.17 0.05 0.15 0.05a 0.16 0.02b 0.21 0.03
Proliferation to Con A (absorbance) 0.36 0.06c 0.50 0.09*** 0.25 0.06c† 0.62 0.06*** 0.61 0.13
NK activity (lysis %) 28 6c 36 4** 22 4c 35 5** 44 5
IL-2 release (pg/ml) 152 39c 210 36** 108 20c† 143 40* 329 57

BALB/c mice
Chemotaxis 474 106c 898 158*** 257 45c†† 638 161*** 782 111
Basal proliferation (absorbance) 0.08 0.02b‡‡ 0.09 0.03 0.07 0.01b‡‡ 0.07 0.01 0.17 0.03‡
Proliferation to Con A (absorbance) 0.33 0.04c 0.46 0.09** 0.19 0.05c†† 0.26 0.04** 0.58 0.10
NK activity (lysis %) 25 3c 41 6*** 20 3c† 34 4*** 58 7‡
IL-2 release (pg/ ml) 226 24c‡‡ 565 62*** 149 23c†‡ 727 133*** 418 66‡

NPAM, non-prematurely ageing mice; PAM, prematurely ageing mice; NPAMC and PAMC, NPAM and PAM controls; NPAMA and PAMA, NPAM and PAM
with antioxidant supplementation; AC, adult controls; Con A, concanavalin A; NK, natural killer.

The data were analysed statistically by the three-way ANOVA for unpaired observations, followed by the Scheffe’s F post-hoc test. *P<0.05; **P<0.01; ***P<0.001
with respect to the corresponding values in controls (NPAMC and PAMC). aP<0.05; bP<0.01; cP<0.001 with the corresponding values in adults. †P<0.05;
††P<0.001 with respect to the corresponding values in NPAMC. ‡P<0.05; ‡‡P<0.01 with respect to the corresponding values in Swiss mice.

Table 2. Effect of a diet supplemented with two sulphur-containing antioxidants (thioproline (TP) and N-acetylcysteine (NAC); 0.1% (w/w) for

5 weeks) on several functions of spleen leucocytes from chronologically old prematurely and non-prematurely aged Swiss and BALB/c mice

(Mean values and standard deviations for 10 subjects)

NPAMC NPAMA PAMC PAMA AC

Mean SD Mean SD Mean SD Mean SD Mean SD

Swiss mice
Chemotaxis 439 91c 811 102*** 343 80c† 670 167*** 718 139
Basal proliferation (absorbance) 0.19 0.01b 0.20 0.05 0.16 0.02c†† 0.32 0.06*** 0.23 0.04
Proliferation to Con A (absorbance) 0.40 0.08b 0.41 0.07 0.22 0.05c††† 0.46 0.09*** 0.54 0.07
NK activity (lysis %) 21 3c 28 3***b 18 4c 26 3***b 45 8

BALB/c mice
Chemotaxis 478 106c 915 160*** 282 93c†† 802 188*** 874 175
Basal proliferation (absorbance) 0.12 0.04c‡‡ 0.13 0.03b‡‡ 0.12 0.03c‡‡ 0.16 0.06‡ 0.20 0.03
Proliferation to Con A (absorbance) 0.31 0.07b‡ 0.50 0.12** 0.21 0.07c†† 0.46 0.10*** 0.43 0.07‡‡
NK activity (lysis %) 25 5c 38 5***b‡ 16 2c††† 30 3*** 60 11‡‡‡

NPAM, non-prematurely ageing mice; PAM, prematurely ageing mice; NPAMC and PAMC, NPAM and PAM controls; NPAMA and PAMA, NPAM and PAM with
antioxidant supplementation; AC, adult controls; Con A, concanavalin A; NK, natural killer.

The data were analysed statistically by the three-way ANOVA for unpaired observations, followed by the Scheffe’s F post-hoc test.*P<0.05; **P<0.01; ***P<0.001
with respect to the corresponding values in controls (NPAMC and PAMC). bP<0.01; cP<0.001 with the corresponding values in adults. †P<0.05; ††P<0.01;
†††P<0.001 with respect to the corresponding values in NPAMC. ‡P<0.05; ‡‡P<0.01; ‡‡‡P<0.001 with respect to the corresponding values in Swiss mice.
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With respect to basal proliferation, there are differences
between Swiss and BALB/c mice, the latter showing lower
values. In general, the levels of proliferation in PAMC and
NPAMC were lower than those in adults. The supple-
mentation only increased the basal proliferation in cells
from spleen and thymus of PAMA. Nevertheless, the pro-
liferative response of lymphocytes to concanavalin A,
which was lower in all cases in PAMC with respect to the
corresponding NPAMC and also in all the old NPAMC
and PAMC with respect to the values in the corresponding
adults, increased after the supplementation. Moreover, the
values in aged PAMA and NPAMA were generally similar
to those in adults. The NK activity was, in general, smaller
in PAMC with respect to NPAMC and in all cases in
PAMC and NPAMC when the values were compared with
those corresponding in adults. The ingestion of a supple-
mentation of sulphur-containing antioxidants increased the
NK activity in all cases bringing the values closer to those
in adults although they did not reach those values. The
IL-2 release in lymphocytes from axillary nodes (Table 1)
was higher in cells from BALB/c mice than in those from
Swiss. In both Swiss and BALB/c PAMC groups, there
were significant decreases in the levels of this cytokine
with respect to those in NPAMC, and in all groups of
old animals (both NPAMC and PAMC) the values
were lower than in adults. After the antioxidant supple-
mentation in all the groups, there were significant in-
creases of IL-2 concentrations bringing them close to
the levels of adults, a change that was more evident in
BALB/c mice.
Since all the functions studied are markers of biological

age in mice and predictors of longevity(2), the present data
show that the ingestion of a low amount (0.1% (w/w))
of two antioxidants such as TP+NAC for a short term
(5 weeks) decreases the biological age of mice making it
more similar to that of chronological adults. Moreover, this
effect was found in two different strains of mice, outbred
Swiss and inbred BAB/c mice, and in chronologically old
PAM and NPAM, but more extensively in PAM. In a

previous study, it has been observed that in chronologically
adult PAM and NPAM this kind of supplementation was
also more effective in PAM than in NPAM, and in Swiss
mice than in BALB/c mice(49). However, in adult mice, the
supplementation was, in general, less effective than in old
animals, since the present results show that practically all
the functions studied in leucocytes have been improved
after the ingestion of the diet supplemented with the
antioxidants (Tables 1–3). Although in chronologically old
Swiss mice an ingestion of a high concentration of these
antioxidants (0.3%) caused a stimulation of several of the
functions studied here, this concentration in the adults
decreased those functions and increased the oxidative
stress of the animals(39). In the present study, the mice
were chronologically old, but they were divided into two
groups with different biological age, since NPAM are
always biologically younger than PAM of the same age(17).
Based on the present results, 0.1% (w/w) TP+NAC seems
an appropriate amount to improve immune function in
aged mice. Nevertheless, further research on the effects of
higher amounts of those antioxidants in old PAM and
NPAM should be carried out.

Conclusion

A similar diet to that used in the present work, also
ingested for 5 weeks, improved several peritoneal macro-
phage functions in chronologically adult Swiss mice,
in NPAM and especially in PAM(50), with these animals
showing an increased longevity (N Guayerbas and M De
La Fuente unpublished results). Since the improvement of
the immune functions studied in peritoneal leucocytes after
antioxidant supplementations is very similar to that found
in the immune cells from organs such as axillary nodes,
spleen and thymus, it is possible that the immune ‘rejuve-
nation’ found in the present work could allow an increase
of the longevity of animals. Thus, the ingestion of a diet
with adequate concentrations of antioxidants, even in
chronologically and biologically aged subjects, seems to be

Table 3. Effect of a diet supplemented with two sulphur-containing antioxidants (thioproline (TP) and N-acetylcysteine (NAC); 0.1% (w/w) for

5 weeks) on several functions of thymus leucocytes from chronologically old prematurely and non-prematurely aged Swiss and BALB/c mice

(Mean values and standard deviations for 10 subjects)

NPAMC NPAMA PAMC PAMA AC

Mean SD Mean SD Mean SD Mean SD Mean SD

Swiss mice
Chemotaxis 350 58c 756 118*** 248 67c 635 180*** 550 140
Basal proliferation (absorbance) 0.13 0.02 0.15 0.03 0.08 0.02b†† 0.14 0.02*** 0.12 0.03
Proliferation to Con A (absorbance) 0.20 0.05b 0.28 0.08* 0.12 0.04c††† 0.22 0.06** 0.31 0.05
NK activity (lysis %) 14 3c 24 3***a 11 2c† 23 3***a 32 5

BALB/c mice
Chemotaxis 311 49c 402 85 148 45c 367 99*** 620 30
Basal proliferation (absorbance) 0.07 0.01c‡‡‡ 0.10 0.03** 0.07 0.01c 0.08 0.02b‡‡ 0.16 0.02‡
Proliferation to Con A (absorbance) 0.12 0.04c‡‡ 0.31 0.07*** 0.08 0.03c†‡ 0.15 0.03***b‡ 0.35 0.07
NK activity (lysis %) 21 4c‡‡ 28 3**b 14 3c†††‡ 29 3***b‡ 67 8‡‡‡

NPAM, non-prematurely ageing mice; PAM, prematurely ageing mice; NPAMC and PAMC, NPAM and PAM controls; NPAMA and PAMA, NPAM and PAM with
antioxidant supplementation; AC, adult controls; Con A, concanavalin A; NK, natural killer.

The data were analysed statistically by the three-way ANOVA for unpaired observations, followed by the Scheffe’s F post-hoc test. **P<0.01; ***P<0.001 with
respect to the corresponding values in controls (NPAMC and PAMC). aP<0.05; bP<0.01; cP<0.001 with the corresponding values in adults. †P<0.05; ††P<0.01;
†††P<0.001 with respect to the corresponding values in NPAMC. ‡P<0.05; ‡‡P<0.01; ‡‡‡P<0.001 with respect to the corresponding values in Swiss mice.
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a good strategy to maintain health and retard the inevitable
ageing process.
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Abstract
Purpose To study the effect of diet supplementation with

polyphenols on several functions suffering age-related

changes, in peritoneal leucocytes from mature and old mice.
Methods Five groups of female ICR mice were used.

Four groups received a supplementation (20% wt/wt) of

biscuits with different cereal fractions naturally rich in
polyphenols (named CO49, CO50, CO52, CO53), con-

taining different amounts of catechin, p-hydroxybenzoic

acid, vanillic acid, p-coumaric acid, sinapic acid, ferulic
acid, rutin and oryzanol. The control group received only

standard maintenance diet. Peritoneal suspensions were

obtained after 15 and 30 weeks of diet supplementation,
when the age of the animals was 49 ± 2 (mature mice) and

64 ± 2 weeks (old mice), respectively. The functions

analysed were: chemotaxis of macrophages and lympho-
cytes, phagocytosis of particles by macrophages, intracel-

lular superoxide anion levels, lymphoproliferative response

to mitogens (concanavalin A and lipopolysaccharide),
interleukin-2 secretion and natural killer (NK) activity, as

functions that decrease with age, and adherence of mac-
rophages and lymphocytes and tumour necrosis factor-a
secretion as functions with age-related increase.

Results The supplementation, in general, increased the
functions that decrease with age and decreased those that

increase with age. There were differences in the effects

shown by the four kinds of biscuits depending on the function
studied and the number of weeks of supplementation.

Conclusion Since the immune system has been proposed

as a good marker of health and predictor of longevity, diet
supplementation with cereals naturally rich in polyphenols

could be an important way for health preservation with age

and reaching high longevity.

Keywords Leucocyte functions ! Polyphenols ! Ageing !
Mice

Introduction

The immune system, like other physiological systems,
suffers age-related changes, which are denominated

immunosenescence, with the most pronounced alterations

being found in T lymphocytes, although other immune
cells such as natural killer (NK) cells, macrophages and B

lymphocytes also suffer important changes in their func-

tions with ageing [1, 2]. The main causes of the ageing
process seem to be related to oxygen free radicals that

injure different biomolecules because of their high reac-
tivity [3, 4]. Moreover, immune cells are especially

involved in free radical generation in order to carry out

their function, but these free radicals can produce oxidative
damage in the immune cells and in the organism if they

surpass their antioxidant defence capacity. Thus, an oxi-

dant-antioxidant balance is needed to maintain a correct
immune function and the unbalance with more oxidant than

antioxidant defences, i.e., the oxidative stress, as occurs in

ageing, is the basis of immunosenescence [2, 5]. In addi-
tion, it is also known that the immune cell function is a

health biomarker and longevity predictor [2, 6, 7].

Recently, it has been suggested that the immune cells can
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be involved in the age-related oxi-inflamm-ageing situation

of the organism, increasing, if these cells suffer a pre-
mature immunosenescence, the rate of ageing of the indi-

vidual [2]. Thus, the ingestion of diets rich in antioxidant

compounds has been proposed as a strategy to slow down
the immunosenescence and consequently the rate of ageing

[2, 8]. Although there is a great deal of information on the

effects of antioxidant compounds on the immune function
[2, 8, 9], there are several controversial results with respect

to positive effects of antioxidant supplementations, which
are mainly due to the type of antioxidants, the time of

supplementation and especially the doses used and the age

of the subjects [2, 8–11].
Polyphenols are the most abundant antioxidants in our diet,

but there are few studies on the effects of foods naturally rich

in phenolic compounds, such as those present in cereals, on the
immune functions, and these effects are unknown in the aged

subjects. Polyphenols, both flavonoids and phenolic acids,

show free radical scavenging activities [12–14], but also have
other important biological effects including immunomodu-

latory, antibacterial, antigenotoxic and anti-inflammatory

activities [14–20]. Moreover, dietary polyphenol intake seems
to prevent different diseases such as degenerative and car-

diovascular diseases as well as their risk factors [20–24].

Although there are several studies on the effect of polyphenol
compounds on the immune function, which show positive

effects on immune cell activities [25–27], research on the

physiological effects of diets providing nutritional doses of
polyphenols as components of regular foods is still scarce [28,

29]. In a previous study, we showed an improvement of

function and redox parameters in leucocytes from adult mice
after receiving a diet supplementation for 5 weeks with pol-

yphenol-rich cereals [30]. Although this supplementation also

improved immune functions in adult but prematurely ageing
mice [31], the effects on aged animals and with a long period

of supplementation have not been studied. Thus, the main aim

of the present work was to evaluate whether, in mature and old
mice, a long-term exposure to diet supplementation during 15

and 30 weeks with biscuits (made with natural fractions of

different cereals in order to increase the diversity and quantity
of polyphenols naturally present in them but in physiological

doses) affects several immune functions, which have been

demonstrated by us and other authors to suffer age-related
changes and be possible biomarkers of longevity [1, 2, 6, 32,

33].

Materials and methods

Animals and maintenance

Female ICR (CD-1) mice (Mus musculus) (Harlan Ibérica,
Barcelona, Spain), 32 ± 2 weeks old were used. The mice

were specific pathogen-free, as tested by Harlan according

to FELASA recommendations, and did not show any sign
of malignancy or other pathological processes. Fifty ani-

mals were randomly divided into five groups and main-

tained for 2 weeks for their adaptation to their new
location. After this time, four of these groups received a

diet with natural polyphenol-rich biscuits and one received

standard diet (control group). The animals were housed in
polyurethane boxes (ten mice/box), at a constant temper-

ature (22 ± 2 "C), in sterile conditions inside an aseptic air
negative-pressure environmental cabinet (Flufrance,

Cachan, France), on a 12/12 h reversed light/dark cycle.

All mice were treated according to the guidelines of the
European Community Council Directives 86/6091 EEC.

The study was approved by the Ethical Committee on

Animal Research of the Complutense University of Madrid
(Spain).

Experimental groups

The control group received a 100% standard maintenance

diet (AO4 diet from Panlab L.S. Barcelona, Spain),
which does not contain polyphenols and water ad libitum.

The diet was in accordance with the recommendations of

the American Institute of Nutrition for laboratory ani-
mals. The four treated groups received 80% of control

diet plus 20% of biscuits elaborated by Danone Vitapole

(France) with cereal fractions naturally rich in polyphe-
nols namely CO49, CO50, CO52, CO53 (composition

reference included in Table 1). These naturally polyphe-

nol-rich diets were kept in darkness at 4 "C for less than
3 weeks in order to prevent oxidation. Peritoneal sus-

pensions were obtained to evaluate different immune

parameters after 15 and 30 weeks of diet supplementation
when the age of the animals was 49 ± 2 (mature mice)

and 64 ± 2 weeks (old mice), respectively. Animals were

the same in both periods of supplementation (they were
supplemented for 15 weeks, and after collection of peri-

toneal suspensions the supplementation was maintained

15 weeks more).

Collection of peritoneal leucocytes

Peritoneal cellular suspensions were obtained between 8:00

and 10:00 h, without killing of the animals (mice were

selected at random). The abdomen was cleansed with 70%
ethanol, and 3 ml of sterile Hank0s was injected intraperi-

toneally. After massaging the abdomen, 80% of the injec-

ted volume was recovered. Then, macrophage and
lymphocyte functions were evaluated, with the macro-

phages being identified by their morphology and non-spe-

cific esterase staining, adjusted to 5.105 macrophages/ml
and 1.106 lymphocytes/ml. Cellular viability, determined in
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each experiment using the trypan-blue exclusion test, was

in all cases higher than 95%.

Assay of macrophage functions

The different steps of the phagocytic process, namely

adherence, chemotaxis, phagocytosis and digestion

(through the measure of superoxide anion levels) were
evaluated.

Adherence capacity assay was performed following a
method previously described [10]. Aliquots of 200 ll from

the adjusted peritoneal suspension were placed in Eppen-

dorf tubes and incubated 10 min at 37 "C. Adherence index
(AI) was calculated according to the following expression:

AI = (1-macrophage/ml supernatant after 10 min of

incubation/macrophages/ml initial sample (time 0)) 9 100.
Chemotaxis assay was performed according to a modi-

fication of the original technique described by Boyden [10],

which consists in the use of chambers with two compart-
ments separated by a filter with a pore diameter of 3 lm

(Millipore, Bedford, MA). Aliquots of 300 ll of the

adjusted peritoneal suspension were deposited in the upper
compartment, and FMLP (formyl-met-leu-phe) at 10-8 M

(Sigma, St. Louis, MO) was placed in the lower compart-

ment as chemoattractant agent. Chambers were incubated
3 h at 37 "C and 5% CO2 and then the filters were fixed

and stained. Chemotaxis index was determined by counting

the total number of macrophages or lymphocytes on one-
third of the lower face of the filters, corresponding to four

scans of 5 mm, using an optical microscope (9100

magnification).
Phagocytosis of inert particles (latex beads 1.09 lm

diluted to 1% in PBS; Sigma St Louis, MO) was carried

out following the method previously described [10]. Ali-
quots of 200 ll of the peritoneal suspension were placed

in MIF (migratory inhibitory factor) plates for 30 min.

The adherence monolayer was washed with PBS at 37 "C
and then, this monolayer was resuspended in 200 ll

of Hank0s solution and incubated with 20 ll of latex.

After 30 min of incubation, the plates were washed with
PBS, fixed and stained, and the number of latex beads

ingested by 100 macrophages was determined by optical

microscopy.
Superoxide anion levels were evaluated following the

method described by De la Fuente et al. [10], based on

the nitroblue tetrazolium (NBT) reduction test in an
equimolecular reaction with superoxide anion. Briefly,

aliquots of 250 ll of peritoneal suspension were mixed

with 250 ll of NBT solution (1 mg/ml; Sigma St Louis,
MO). Aliquots of 50 ll of latex beads were added to the

stimulated samples and 50 ll of Hank0s to the non-

stimulated samples. After 60 min of incubation at 37 "C,
the reaction was stopped and, following centrifugation,T
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the supernatants were discarded and the reduced NBT

was extracted with dioxin (Sigma St Louis, MO).
Supernatant absorbances were measured at 525 nm. The

data obtained were expressed as nmol of NBT reduced

per 106 macrophages by extrapolating from a standard
curve of NBT reduced with 1,4-dithioerythritol (Sigma

St Louis, MO).

Assay of lymphocyte functions

Adherence and chemotaxis assay of lymphocytes was

performed as previously described for macrophages [10].

Proliferation of lymphocytes was quantified in total
peritoneal cellular suspensions adjusted to a final concen-

tration of 5.105 leucocytes/ml in complete medium (RPMI-

1640; PAA, Austria, plus 10% foetal calf serum, Life
Technologies; plus 1% gentamicin, PAA, Austria), fol-

lowing a method previously described [32]. Aliquots of

200 ll were dispensed in 96-well flat-bottomed plates
(Nunc, Roskilde Denmark), and 20 ll of concanavalin A

(ConA 1 lg/ml) or lipopolysaccharide (LPS, E. coli,
055:B5 1 lg/ml; Sigma, St Louis, MO) was added. After
48 h of incubation, Con A and LPS-stimulated culture

supernatants were collected to measure the levels of

interleukin-2 (IL-2) and TNF-a, respectively. Then, 0.5 l
Ci of 3H-thymidine were added and after 8 h cells were

harvested and the thymidine uptake was measured in a beta

counter. The results were expressed as percentage of
stimulation, 100% being the cpm thymidine uptake at basal

condition.

IL-2 and TNF-a levels in the supernatants of leucocyte
cultures, after 48 h of incubation with Con A and LPS,

respectively, were measured by ELISA kits (R&D Sys-

tem, Minneapolis, USA) and the results expressed as
pg/ml.

Natural killer (NK) activity was evaluated using an

enzymatic colorimetric assay for cytolytic measurements
of target cells (Cytotox 96 TM Promega, Madison, WI,

USA) based on the determination of lactate dehydrogenase

(LDH) activity using a tetrazolium salt [32]. Cells YAC-1
from a murine lymphoma were used as targets and peri-

toneal leucocytes as effector cells (with an effector/target

rate 10:1) in the NK assay. After 4 h of incubation, LDH
activity was measured in the supernatants by addition of

the enzyme substrate at absorbance of 490 nm. To deter-

mine the percentage of lysis of target cells, the following
equation was used: % lysis = (E-ES-TS/M-ES-TS) 9

100, being E the mean of absorbances in the presence of

effector cells; ES the mean of absorbances of effector
cells incubated alone; TS the mean of absorbances in target

cells incubated with medium alone and M the mean of

maximum absorbances after incubating target cells with
lysis solution.

Statistical analysis

The data were expressed as the mean ± SD of the values.
The normality of the samples was tested by the Kol-

mogorov–Smirnov test. The data were statistically evalu-

ated by the two-way analysis of variance (ANOVA) and
Tukey t test for comparisons of parametric samples.

p \ 0.05 was taken as the minimum significance level.

Results

The results concerning the several functions studied in

macrophages (that represent different steps of the phago-

cytic process) are indicated in Table 2 and Fig. 1. The
adherence capacity, the first step of the phagocytic process

(Table 2), increases significantly with animal age (as

already mentioned above, the mice after 15 weeks of
treatment are mature and after 30 weeks are old; p \ 0.05

comparing cells from mature mice with those of the aged).

All biscuit treatments resulted in significantly diminished
values of the adherence indices with respect to those of the

controls in both periods of supplementation, showing dur-

ing the last period (30 weeks) the most effective decrease
(p \ 0.001) for all biscuits. Following adherence, the

macrophages migrate to the infection focus. After diet

supplementation, only the CO50 and CO53 biscuits caused
an increase in this immune parameter at 30 weeks

(p \ 0.05 and p \ 0.001, respectively). Regarding phago-

cytosis capacity, the phagocytosis indices (Fig. 1) show a
decrease in old mice (p \ 0.001) when compared to mature

animals. After 15 weeks of supplementation, the CO49

(p \ 0.001), CO52 (p \ 0.001) and CO53 (p \ 0.01) bis-
cuits significantly increased phagocytosis. After 30 weeks,

CO50 significantly decreased the phagocytosis index

(p \ 0.05). As regards to superoxide anion levels, the first
free radical that macrophages produce by digestion of the

ingested material, it could be observed, in control samples,

a diminution of superoxide levels in basal as well as
stimulated samples (p \ 0.001) in old animals with respect

to mature mice. After 30 weeks of supplementation with

CO52 biscuit, the levels of superoxide anion were
increased in stimulated samples (p \ 0.001).

With respect to the effects of the different treatments on

lymphocytes, Fig. 2 shows the results obtained for adher-
ence and chemotaxis. As regards to adherence (Fig. 2a), no

significant differences were found at the control level

between cells from mature and old animals. All the biscuits
were able to decrease lymphocyte adherence indices in

both periods of supplementation (p \ 0.001 in all cases

with exception of CO49 and CO53, which showed the
lowest (p \ 0.05) after 30-week treatments). Regarding

chemotaxis (Fig. 2b), a decrease in this immune parameter
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with age in control samples was observed (p \ 0.05). The
supplementation with CO49, CO50 and CO53 biscuits

increased the chemotaxis indices of lymphocytes

(p \ 0.05, 0.001 and 0.01, respectively) after 15 weeks.
The same stimulatory effects was observed at 30 weeks,

with all biscuits causing an increase in lymphocyte

mobility, CO49, CO50 and CO53 showing the highest
index values (p \ 0.001) and CO52 the lowest (p \ 0.05).

Figure 3 represents proliferation percentages in response
to concanavalin A (Con A) and lipopolysaccharide (LPS).

A significant decrease (p \ 0.001) in proliferation at con-

trol levels can be observed in cells from old animals with
respect to those from mature mice, in response to both

Con A and LPS. The biscuits studied are able to increase
lymphocyte proliferation in response to Con A (Fig. 3a)

after 15 weeks of treatment. However, this stimulatory

effect can only be observed with CO52 (p \ 0.01) and
CO53 (p \ 0.001) biscuits after 30 weeks of treatment.

The percentages of proliferation in response to LPS

(Fig. 3b) are increased with CO50 and CO52 biscuits at
15 weeks (p \ 0.01 and 0.001, respectively). After

30 weeks of supplementation, all treatments, except CO49,
increase proliferation (p \ 0.001 for CO50 and CO53, and

p \ 0.01 for CO52) in response to LPS.

With regards to natural killer activity, represented as
lysis percentage of tumour cells, and interleukin-2 (IL-2)

Table 2 Adherence indices, chemotaxis indices and superoxide anion levels (basal and stimulated levels) of peritoneal macrophages from mice
after 15 (mature animals) and 30 (old animals) weeks of the different diet supplementations

Adherence indices Chemotaxis indices Superoxide anion
(Basal levels)

Superoxide anion
(Stimulated levels)

15 weeks of diet supplementation (mature mice)

Control 45 ± 8 196 ± 50 43 ± 6 64 ± 9

CO49 33 ± 3a 246 ± 45 34 ± 7 72 ± 13

CO50 34 ± 5a 249 ± 51 34 ± 9 51 ± 11

CO52 33 ± 6a 193 ± 36 35 ± 7 64 ± 14

CO53 34 ± 5a 218 ± 41 40 ± 7 72 ± 10

30 weeks of diet supplementation (old mice)

Control 57 ± 8b 139 ± 26 21 ± 4bbb 34 ± 6bbb

CO49 39 ± 8aaa 186 ± 26 14 ± 3 45 ± 8

CO50 30 ± 6aaa 209 ± 42a 17 ± 4 31 ± 7

CO52 33 ± 9aaa 110 ± 26 27 ± 8 56 ± 13aaa

CO53 36 ± 8aaa 237 ± 63aaa 25 ± 7 47 ± 7

The results are the mean ± SD of eight values corresponding to the same number of mice, each value being the mean of duplicated assays.
a p \ 0.05, aaa p \ 0.001 compared to the control of each period of supplementation. b p \ 0.05, bbb p \ 0.001 with respect to the corresponding
value in 15-week supplementation group
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levels, the results are shown in Table 3. No significant

differences with age were observed on natural killer

activity between control samples. After 15 weeks, CO50
and CO52 increase lysis percentages (p \ 0.01), as well as

CO53 (p \ 0.001). All treatments significantly increased

natural killer activity after a 30-week period (CO49, CO52
and CO53 p \ 0.001; and CO50 p \ 0.05). As regards the

IL-2 levels, a decrease with age in control samples was

observed (p \ 0.05). The supplementation with CO49
(p \ 0.01), CO50 (p \ 0.001) and CO53 (p \ 0.01)

increased IL-2 levels after 15 weeks, and no significant
effects were observed after 30 weeks.

Besides, alpha-tumour necrosis factor levels (TNF-a)

were measured. In reference to control samples, increased
levels of this cytokine (p \ 0.05) were shown in old mice

(246 ± 28 pg/ml), in comparison with mature animals

(202 ± 36 pg/ml). No effects on TNF-a levels were
observed with the different treatments after 15 weeks,

whereas after 30 weeks of supplementation with CO52 a

significant decrease in TNF-a levels (191 ± 36, p \ 0.05)
was shown.

Discussion

In the present work, we have shown the favourable effects
of long-term intake (15 and 30 weeks) of different biscuits

containing nutritional concentrations of various combina-

tions of cereal fractions naturally rich in polyphenols

improving several relevant function parameters in immune

cells from mature and old mice, which suffer age-related
changes. The differences observed at control level between

both ages in immune parameters are similar to those shown

by several authors to occur with ageing [1, 2, 32–34]. Thus,
the immune cells from the mice used in the present study

show, in general, the previously observed age-related

changes.
The adherence, the first step in the immune response of

immune cells increases with age in macrophages. Adher-
ence is a process related to oxidative stress, which implies

an increased expression of adhesion molecules and other

oxidant and inflammatory factors [34], and since ageing is
associated with high levels of free radicals, an increase

with ageing of the adherence function has been observed

[2, 34]. An adequate adherence is needed for cell migration
towards inflammatory foci, but an excessive adherence

could represent a drawback for the cells to reach the

infectious focus. Treatments were able to decrease the
adherence indices of macrophages and lymphocytes after

both periods of supplementation. Polyphenols, through

their antioxidant role could reduce oxidative stress and the
expression of adhesion molecules. In general, the described

effects of polyphenols have demonstrated a clear inhibitory

action on adhesion. Thus, certain types of polyphenols such
as ferulic acid [35] and catechins [36] may decrease the

expression of adhesion molecules by endothelial cells, and

also may reduce monocyte adhesion. Moreover, epigallo-
catechin gallate (EGCG), one of the main phenolic com-

ponents of green tea, inhibits adhesion of human

neutrophils [37] and of the human monocyte cell line [38].
These two kinds of polyphenols, and especially the ferulic

acid, present in all the biscuits studied, could be respon-

sible of the decrease in the adherence of leucocytes found
after supplementation.

With ageing, a decreased chemotaxis in macrophages

and lymphocytes has also been previously described [2,
34]. The different biscuits did not show any differences

after 15 weeks of supplementation with respect to macro-

phage control values of this immune parameter. Never-
theless, after the longest period of polyphenol-rich biscuit

supplementation (30 weeks), CO50 and CO53 biscuits

were able to increase macrophage chemotaxis. With
respect to lymphocytes, in general, it can be observed an

enhancement of chemotaxis in both periods of supple-

mentation. There are few studies on the effect of poly-
phenols on cell migration or chemotaxis to sites of

inflammation. Similar results to those shown in the present

work have been found with several polyphenols, which
enhance both f-MetLeuPhe directed and random migration

of murine neutrophils in vitro [39]. However, other

research shows controversial results. Thus, after in vitro
and in vivo supplementation with the polyphenol rutin, an

Table 3 Natural killer activity and interleukin 2 levels of peritoneal
leucocytes from mice after 15 (mature animals) and 30 (old animals)
weeks of the different diet supplementations

Natural killer
activity (% lysis)

Interleukin-2
levels (pg/ml)

15 weeks of supplementation (mature mice)

Control 26 ± 5 243 ± 24

CO49 33 ± 6 341 ± 53aa

CO50 37 ± 5aa 380 ± 65aaa

CO52 36 ± 5aa 314 ± 83

CO53 45 ± 7aaa 341 ± 48aa

30 weeks of supplementation (old mice)

Control 23 ± 2 159 ± 30b

CO49 35 ± 5aaa 226 ± 38

CO50 32 ± 3a 182 ± 42

CO52 37 ± 8aaa 235 ± 55

CO53 39 ± 6aaa 239 ± 39

The results are the mean ± SD of eight values corresponding to the
same number of animals, each value being the mean of duplicated
assays. a p \ 0.05, aa p \ 0.01, aaa p \ 0.001 compared to the control
of each period of supplementation. b p \ 0.05 with respect to the
corresponding value in 15-week supplementation group
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inhibition of chemotaxis of rat neutrophils has been

reported [40]. Nevertheless, in prematurely ageing mice,
the supplementation for 5 weeks with a cereal rich in rutin

increased the peritoneal macrophage chemotaxis [31].

Moreover, in adult mice a diet supplementation for that
time with different polyphenol-rich cereals improves che-

motaxis of peritoneal lymphocytes and macrophages [30].

The phagocytosis activity, that is the main macrophage
function, decreases in old mice at control levels when

compared to the values of mature animals, in agreement
with previous results [2, 34]. In general, the different

treatments increased this function after 15 weeks of treat-

ment. The effects shown by biscuits change depending on
the period studied. Thus, CO50 did not exert any effect

after 15 weeks but inhibited significantly phagocytosis

after 30 weeks. Besides, the stimulatory effect exerted by
CO49, CO52 and CO53 after 15 weeks, disappears after

30 weeks of polyphenol-biscuits intake. It is possible that

the different amounts and composition of polyphenols
present in the different biscuits may be responsible for

these effects. It has been demonstrated that a synthetic

lipophilic derivate, 3-palmitoyl-(?)-catechin, enhances the
phagocytic activity of guinea pig kupffer cells in vivo

according to Piazza et al. [41]. Therefore, the presence of

catechin in CO49 and CO52 biscuits could explain their
enhancement of phagocytosis after 15 and 30 weeks of

supplementation. In a previous study, diet supplementation

for 5 weeks with polyphenol-rich cereals increased the
phagocytic capacity of peritoneal macrophages from pre-

maturely ageing mice [31].

The digestion of the phagocytized particles by macro-
phages takes place through the respiratory burst in which

NADPH oxidase is activated catalyzing a reaction that

produces superoxide anion. Without phagocytic stimulus
these cells can also produce superoxide anion increasing

the NADPH synthesis. In the present study, peritoneal

macrophages from old mice show lower levels of intra-
cellular superoxide anion, both at basal levels and with

phagocytic stimulus, than those from mature animals. This

confirms the lower effectiveness of foreign material
destruction at this age and this fact is in agreement with

previous results showing an age-related decrease in the

intracellular levels of superoxide anion in peritoneal leu-
cocyte of mice and an increase in extracellular superoxide

levels, which could produce serious host tissue damage [2,

34]. The different kinds of biscuits do not show, in general,
any effect at basal level on this free radical in both periods

of supplementation. However, in stimulated samples,

CO52 increases the levels of this anion after 30 weeks of
treatment. In most cases the studies with polyphenols have

been performed measuring extracellular superoxide anion

levels, and the scavenging properties of polyphenols on this
free radical showed these levels decreased [42, 43].

Nevertheless, several antioxidant compounds such as

vitamin C, vitamin E, gluthation, tioproline or N-acetyl-
cysteine, have shown in vitro and in vivo an increase in the

levels of intracellular superoxide anion [2, 10, 44]. More-

over, a diet supplementation with polyphenol-rich cereals
also increased the intracellular superoxide anion levels in

peritoneal leucocyte from adult mice [30] and from pre-

maturely ageing mice [31].
The most pronounced alterations with ageing seem to be

found in T lymphocyte functions, with a decrease in their
proliferative response and IL-2 production [1, 2]. The

results of the present work confirm these previous studies

since a significant reduction of the proliferation of lym-
phocytes and also of IL-2 concentrations have been found

at control level in old mice with respect to the mature

animals. In general, the naturally polyphenol-rich biscuits
studied are able to improve proliferation in response to

mitogens after both intake periods, as well as to enhance

the levels of IL-2 after 15 weeks of treatment. Other
authors have found that 2 weeks after polyphenol-fruit

juice consumption, IL-2 levels increased significantly, as

well as human lymphocyte responsiveness to mitogens
[25]. In this context, an in vitro study on humans has

demonstrated that polyphenols such as ferulic, p-coumaric

and vanillic acids enhance the activity of human lympho-
cyte proliferation as well as the secretion of interferon-

gamma [45]. Ferulic and p-coumaric acids are the main

polyphenols in cereals, and the biscuits tested have a high
content of these molecules, which could be responsible of

the increased lymphocyte proliferation observed in our

study. In a previous work, the diet supplementation with
polyphenol-rich cereals showed an increase in IL-2 release

and proliferation of peritoneal T lymphocytes in both adult

and prematurely ageing mice, with the p-coumaric acid
being an important candidate to mediate this effect [30,

31]. Nevertheless, controversial results have been reported

regarding lymphocyte proliferation and IL-2 release
depending on the polyphenol studied. Thus, the cacao

liquor polyphenols, in vitro, inhibit human lymphocyte

proliferation in response to mitogens [46] and no effect of
five polyphenols in an in vitro study on IL-2 concentrations

have been reported by Miles et al. [47]. Moreover, epi-

gallocatechin-3-gallate inhibited the spleen T cell prolif-
eration in mice and its supplementation resulted in a lower

IL-2 receptor expression [48].

With respect to the antitumoural activity of NK cells, no
differences were found at control levels between the ages

studied. Controversial results with respect to NK activity

with ageing have been observed, thus no change or a
decline of this immune function with age has been reported

[2, 49]. Supplementation with biscuits rich in polyphenols

was able to improve this function after 15 weeks (with the
exception of CO49), and 30 weeks of supplementation.
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In agreement with our results, a study performed in adult

humans consuming polyphenol-fruit juice, in a total period
of 10 weeks, showed an improvement of the natural killer

activity [25]. In vitro quercetin showed a decrease in lytic

activity of NK cells, whereas catechin increased this
function [50]. Moreover, green tea catechins maintained

better NK activity in senescence-accelerated mice prone

and decreased their tumour metastasis [51], and a diet
supplementation with polyphenol-rich cereals for 5 weeks

increased the NK activity of peritoneal leucocytes from
prematurely ageing mice [31]. However, in an in vivo

study performed in humans, the NK activity was not

affected by polyphenols present in red wine [52].
With ageing also increases the release of proinflamma-

tory cytokines such as TNF-a [2, 34] in agreement with the

results obtained in the present work. The effect of CO52
biscuits decreasing the levels of TNF-a after 30 weeks of

ingestion could show a useful anti-inflammatory action at

this old age. The majority of the studies about the effect of
polyphenols on the secretion of TNF-a are controversial.

A recent study shows that a phenolic synthetic compound

blocks this inflammatory cytokine production in macro-
phages [53]. Catechins have been particularly well studied

on TNF-a secretion and showed an inhibitory effect in

mouse macrophages [54, 55], but no significant effect in
whole blood human cultures [56] and in a mouse mono-

cyte/macrophage cell line (RAW 264.7) [57]. The diet

supplementation for 5 weeks with several polyphenol-rich
cereals decreased the release of TNF-a in peritoneal leu-

cocyte of adult mice, with exception of one of the cereal

studies, that without p-coumaric acid [30]. Nevertheless,
other authors did not observe any effect on TNF-a pro-

duction in whole blood cultures in the presence of p-cou-

maric acid [58]. The immunomodulatory role of the
polyphenols studied in the present work, lowering the age-

overactivated functions of leucocytes such as adherence

and TNF-a release and, at the same time, stimulating the
impaired ones such as the other function studied here, to

reach the best physiological levels in each immune func-

tion, has already been shown with other antioxidants [2].
The present work demonstrates that age-associated

impairment of the immune system may be attenuated by

ingestion of nutrients present in the biscuits studied.
Probably, the polyphenol content of these biscuits could be

the main compound responsible for the improvement

observed on several immune cell functions. Nevertheless,
we cannot assume that the changes found in immune status

are due to one individual polyphenol, and we must also

consider that there are other components of the biscuits
(such as lipids) that also influence immune status, and thus,

additional studies in this area would be needed. Presently,

all that we can say is that these effects are possibly a
consequence of the concrete combination of the different

types of polyphenols as well as the physiological amounts

of them present in the biscuits. The use of combinations of
optimal doses of antioxidant and anti-inflammatory phy-

tochemicals for dietary intake, better than an antioxidant

alone [59], could result in an appropriate way to slow down
the progressive tendency to decline of the immune

responses with advancing age, as many studies have shown

[2, 8–10, 44]. Moreover, the potential antioxidant and anti-
inflammatory action of polyphenols [12–17] could not

always explain their pivotal physiological role, since,
polyphenols, like other antioxidants, not only can be con-

sidered as merely scavenging radicals but also as modu-

lators and regulators of several physiological functions
including immune responses [2, 18, 19, 60, 61]. In addi-

tion, the role that show several nutrients increasing anti-

oxidant defences by up-regulating the expression and
activity of antioxidant enzymes normally present in the

cell, such as it has been observed in some polyphenol

compounds, seems the best way to improve longevity [11].
Since the immune system declines with age, increasing

morbidity and mortality [62], naturally rich polyphenol

food may be an important way to preserve health with age.
In fact, the few studies on the effects of polyphenol sup-

plementation in the immune functions of chronologically

old subjects or with premature or accelerated ageing have
shown positive effects [26, 27, 31, 51, 63], and in several

cases this supplementation improved the immune functions

restoring the values to those in adults. For such reason,
further efforts have to be focused to understand the

mechanisms by which these compounds influence immu-

nity during ageing. In conclusion, the present work reveals
that the ingestion of diets enriched in cereal polyphenols

through ageing is useful against the age-related immuno-

logical decline and thus, since immune function has been
shown to be a health and longevity predictor, increase

healthy longevity.
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Abstract 

 With aging the immune response is impaired. This immunosenescence, in which an 

alteration of the redox state of the immune cells appears, is involved in the rate of aging. 

Since leukocyte function is a good health marker and longevity predictor, the effects of 

daily oral administration of the antioxidant vitamin C (500 mg), or both vitamin C (500 

mg) and vitamin E (200 mg) on several blood neutrophil (adherence, chemotaxis, 

phagocytosis, and superoxide anion levels) and lymphocyte (adherence, chemotaxis, 

proliferation, interleukin-2 secretion and natural killer activity) functions were studied in 

healthy elderly men and women. These parameters were analyzed before 

supplementation, after 3 months of supplementation, and 6 months after the end of 

supplementation. In addition, adult subjects were used as control age groups. The results 

showed that vitamin C improved these immune parameters in elderly subjects, bringing 

their values close to those of adults. These effects were maintained after 6 months 

without supplementation in several functions. Similar effects were found in the elderly 

supplemented with both vitamin C and E. Thus, a short period of vitamin C or vitamin C 

and E ingestion, at the doses used, improves the immune function in elderly individuals 

and could contribute to a healthy longevity.   

 

Keywords: Vitamin C. Vitamin E. Aging. Immune function. Men and Women. 
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      Introduction 

Aging is a progressive and general impairment of the physiological systems including the 

immune system. It is presently accepted, that almost every component of the immune system 

undergoes striking age-associated re-structuring, leading to changes that may include diminished 

as well as enhanced functions, this fact being denominated immunosenescence (1-3). With age 

there is a pronounced decrease of adaptive immunity carried out by lymphocytes, the functions 

of which, especially in the T-cell, are impaired (1,2). With respect to the innate immunity, the 

natural killer (NK) cells show a decreased cytotoxicity (2,4), and the phagocytes show a decline 

of several of their activities such as phagocytosis and chemotaxis (2,5-7). All this explains the 

increase of cancer and the susceptibility and vulnerability to infections among aged subjects, 

which stand out as the most common causes of illness and death (2,8). However, several 

functions of immune cells, especially those related with an increase of oxidative and pro-

inflammatory conditions, are increased with aging (2,7,9).  

 In addition, it has been shown that the competence of the immune system is an excellent 

marker of health (8,10) and several age-related changes in immune functions have been linked 

to longevity (2,7). Thus, mice with premature immunosenescence have a significant decrease of 

life span and individuals who live longer in good health, such as centenarians or extremely long-

lived animals, show very well preserved immune functions (2,5,7,11-13). 

 Among all the gerontological theories, the free radical-oxidation theory is the most 

widely accepted to explain how the aging process occurs (2,14). Thus, aging is the result of 

damage accumulation (by deleterious oxidation) in biomolecules, which causes the age-related 

decline of physiological functions, including the immune function (2). However, since reactive 

oxygen species (ROS) have a pivotal role in the regulation of many cellular processes, an 

adequate oxidant-antioxidant balance is very important for maintaining cell function, this 

balance being critical in the immune system (2,15,16). The immune cells are an important 

source of oxidant compounds, which are used to carry out their defensive function, but high 

levels of those compounds may damage not only these cells, which are particularly sensitive to 

damage of their biomolecules caused by oxidative stress, but also the surrounding cells and 

tissues, increasing the rate of aging of the organism (2). Thus, since oxidant levels must be 

tightly controlled by the antioxidant defenses in the immune cells, it is not surprising that an 
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antioxidant deficit has been related to impaired immune responses, leading to frequent and 

severe infections that result in increased mortality (2, 15,16). An important number of studies 

show that the ingestion of diets with adequate levels of antioxidants such as vitamins E and C, 

ß-carotene, polyphenols and others, are able to retard or prevent the oxidative damage and 

therefore the general physiological impairment associated with aging, and in particular 

immunosenescence, suggesting that these diets are a good way to improve the immune system in 

elderly subjects (2, 17).  

 Ascorbic acid (vitamin C) is a hydro-soluble antioxidant present in the extracellular fluid 

and the cytosolic compartment of the cell, which shows a variety of functions especially in 

immune homeostasis (18). It is highly concentrated in leukocytes and declines during infections 

and stress (19), since it is used rapidly in their defensive work (20). Decreased concentrations of 

this vitamin in the immune cells are associated with a lower functional capacity of these cells 

(21). In addition, vitamin C has been shown to stimulate, in vitro and after supplementation 

trials, several immune functions, such as T-lymphocyte proliferation, NK activity, phagocytic 

capacity and cytokine production (2,18,19,22-25). The role of vitamin C in the immune cells is 

its capacity of contributing to the maintenance of the redox integrity of cells during the 

inflammatory response. However, vitamin C has not been specifically linked to any single 

immunological mechanism (26), and being an indirect modulator in vivo on the immune cells 

(27). 

 Vitamin E is the most important lipid-soluble antioxidant present in the biological 

membrane and the first line of defense against lipid peroxidation (28). The few studies 

performed on the effect of deficiency of vitamin E on immune function show that it seems to be 

linked to impaired cell-mediated immunity (29). Moreover, several in vitro and in vivo studies 

in young animals show that vitamin E can improve the function of immune cells  (2,22,30,31).  

Although the effect of antioxidant supplementation on the immune functions in the elderly 

is a subject of great interest, and it is accepted that micronutrients such as vitamin E and C 

provide additional benefits to immunocompromised persons (32), there is little relevant 

research, especially on healthy men and women. It is known that older people show the highest 

risk of both poor nutrition (with an insufficient intake of these micronutrients) and increased 

oxidative stress (2,33-35). This deficiency in micronutrients, which includes vitamins C and E, 

is due, in part, to physiological changes associated with aging and even to financial and social 
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status (33,34). In this context, it has been observed that vitamin C is the only antioxidant that in 

low blood concentrations in old populations is a strong predictor of mortality (35). Previous 

studies have shown clearly that vitamin E supplementation improves several immune functions 

in the elderly (36). Moreover, in a study using a daily supplementation of 200 mg of vitamin E 

for 3 months in elderly men and women, an improvement of several lymphocyte and neutrophil 

functions has been observed (37), but the effects of vitamin C in this context have not been 

investigated. 

 In addition, several studies show the relevance of the intake of supplementation with 

more than one antioxidant (34, 38). However, the effect of a combination of vitamin C and 

vitamin E has been scarcely studied. Preliminary research in elderly women with a vitamin C 

and vitamin E supplementation showed an improvement of several immune functions (39). In 

addition, in a neurodegenerative illness such as Alzeimer´s disease (AD), the combination of 

vitamins C and E has been associated with a decrease in the prevalence and incidence of AD, 

that was not evidenced by the use of vitamin C or E supplements alone (40).  

 In view of the above, we conducted a study to determine the effect of vitamin C 

supplementation (500mg/day) and vitamin C (500 mg/day) and vitamin E (200 mg/day) during a 

short period of time (3 months), on several functions of immune cells in elderly healthy men and 

women, as well as the prevalence of these effects. Moreover, we used in parallel adult men and 

women to find out if the antioxidant supplementation could improve the immune function to 

levels similar to those normally present at this age.  

 
 
       Methods 

Subjects. A group of 44 elderly (24 women and 20 men) (mean age ± SD: 74 ± 4 years old) 

and 30 adult (15 women and 15 men) (mean age ± SD: 35 ± 5 years old) volunteers were used 

for this study. Sample size was calculated according to standard deviations from the mean of 

parameters  in  the  groups  under  study,  error  of  α=0.05,  power  of  80%  and  risk  of  retirements  

of 10%. Although the study began with 90 people, who agreed to participate in the 

investigation, it was completed by 44 subjects, since many failed to continue taking the 

supplements or changed drastically their life habits and had to be discarded from the results. 

All individuals studied in the present work were Spanish and recruited from the population of 

Madrid. The inclusion criteria were to be in healthy condition, which was defined as absence 
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of pathology or findings of clinical significance in general laboratory parameters. Exclusion 

criteria were severe general pathology, immune diseases, cancer, dementia or cognitive 

alteration, chronic respiratory disease, hypertension, diabetes, life expectancy inferior to one 

year, poor collaboration level, and intake of vitamins, antioxidants or any drug influencing the 

immune   system.   All   elderly   subjects   were   selected   according   to   the   “SENIEUR”   protocol  

(41). The participating women and men were not hospitalized during the course of the 

investigation, and they carried out an active life. They resided in their homes and consumed a 

physician-supervised balanced Mediterranean diet. There was no change in the diet 

throughout the study for any of the subjects. The adult control group (30 volunteers) was 

constituted by relatives, friends or colleagues of the research group. The inclusion criterion 

was to be 35 ± 5 years old in healthy condition. Exclusion criteria were the same as those for 

the experimental groups. 

 All participants received information about the purpose of the study and they gave their 

written consent for their blood samples to be used for scientific research. Informed consent was 

sought from potential participants before the beginning of any specific procedure relative to the 

study. Interviews were conducted in a private room of the Department of Internal Medicine of 

the La Paz Hospital by the Dr Francisco Arnalich. This study was approved by the Ethics 

Committee of the La Paz Hospital of Madrid and was in agreement with the principles of the 

Declaration of Helsinki (1989), the World Medical Association and the official current 

regulations. 

Vitamin C, and vitamin C and E supplementations. A group of 22 elderly (12 women and 10 

men) received a daily supplement of 500 mg of vitamin C (Bayer) and other group of 22 

elderly (12 women and 10 men) received a daily supplement of 500 mg of that vitamin C and 

200 mg of dl-alpha-tocopherol (Alcala Farma) for three months. The doses were chosen in 

base on previous studies (18,19,37,42). 

Collection of blood samples. Peripheral blood samples were collected always at the same 

time, from 9 to 10 a.m., in order to control the effect of circadian variations in immune 

parameters, and during the course of each Clinical Interview, in tubes with EDTA (BD 

Vacutainer Systems, Spain). Blood samples of subjects from the experimental groups were 

taken before (BS), after 3 months of supplementation (S) and 6 months after the end of 

supplementation, without intake of vitamin C or vitamin C and E (post-supplementation, PS). 
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Samples from adult controls were drawn once only, spread along the whole study. At each 

time point 5 men and 5 women, all healthy adults, were studied and 15 men and 15 women 

were used as controls. The experiments were carried out without knowing if the samples were 

coming from the control or supplemented population.   

Clinical interviews. A total of 3 interviews were performed to the subjects belonging to the 

experimental groups. The first interview was done on day 1 for the final selection of 

participants, whereas the following were carried out to check the correct development of the 

study. The second visit was done 3 months after the beginning of antioxidant intake (the last 

day of the treatment), the third was carried out 6 months after the end of the treatment. Blood 

samples were drawn during each clinical interview.   

Separation of blood neutrophils and lymphocytes. Peripheral blood neutrophils and 

lymphocytes were obtained following a method previously described (43), by gradient 

sedimentation using 1.119 density Hystopaque (Sigma) for neutrophil separation and 1.077 

density   Hystopaque   for   lymphocytes.   The   cells   were   harvested,   washed   twice   in   Hank’s  

medium for neutrophils or RPMI medium (Gibco, Burlington, Ontario, Canada) for 

mononuclear cells (principally lymphocytes), counted and adjusted to 5x105 neutrophils/ml 

medium and 1x106 lymphocytes/ml medium. Cell viability was checked by the trypan blue 

(Sigma) exclusion test before and after each assay, and it was equal or higher than 99% in all 

cases. 

Assays of neutrophil functions. All the assays were carried out following methods previously 

described (37).The adherence capacity of neutrophils was measured following a method, 

which mimics in vitro (using nylon fiber columns) the adherence of neutrophils in vivo to the 

vascular endothelium, and the results were expressed as adherence index (A.I).The 

chemotaxis was evaluated measuring the mobility capacity of neutrophils towards an 

infectious focus, using chambers with 2 compartments separated by a polycarbonate filter (3 

Pm pore diameter, Millipore Iberica, Madrid, Spain), and the results were expressed as 

chemotactic index (C.I.). The phagocytosis of inert particles (latex beads) was carried out 

using migration inhibition factor (MIF) plates (Karter, Noviglio, Italy), and the number of 

particles ingested by 100 neutrophils was expressed as phagocytosis index (P.I.). Superoxide 

anion levels were evaluated by their capacity to reduce nitroblue tetrazolium (NBT), and the 

results were expressed as Absorbances. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Vitamin C and vitamin C plus E improves immune functions in elderly men and women  

 

 8 

Assays of lymphocyte function. Lymphocyte adherence and chemotaxis methods were similar 

to the above described in neutrophils (37). 

The lymphoproliferation assay was performed by a standard method, previously used 

by us (37). Lymphocyte suspensions were dispensed in plates of 96 wells (Costar, Cambridge, 

MA, USA) and phytohemagglutinin (PHA, Flor Laboratorios) at 25 Pg/ml was added as 

mitogen in stimulated wells, and PBS in basal wells. After 48 h of incubation 2.5 PCi 3H-

thymidine (ICN) were added to each well, followed by another incubation of 24 h. Cells were 

harvested in a semiautomatic harvester and thymidine uptake was measured in a beta counter 

(LKB, Upsala, Sweden) for 1 min. The results were expressed as counts per minute (cpm), 

both in basal and PHA stimulated cells. 

The concentration of interleukin-2 (IL-2) released by lymphocytes was determined on 

supernatants of the above cultures of 48 h, following a method previously described by us 

(37). IL-2 was measured using an ELISA kit (R&D Systems, Minneapolis, MN, USA).  

Assay of the natural killer (NK) activity. The natural killer (NK) activity was evaluated 

following an enzymatic colorimetric assay (Cytotox 96 TM Promega, Boeringher Ingelheim, 

Germany) based on the determination of lactate dehydrogenase (LDH) released by the 

cytolysis of tumor cells (target cells: human tumor K562 cells), using tetrazolium salts (37). 

The results were expressed as the percentage of target cells killed (% lysis).  

Statistical study. The results are expressed as the mean ± standard deviation (SD) of the 

values corresponding to subjects, being each value the mean of duplicate assays (two samples 

from the same blood). The data were evaluated statistically by the one-way analysis of 

variance (ANOVA) for paired observations, used to evaluate vitamins supplementation in the 

aged   groups,   followed   by   the   Scheffe’s   F   post   hoc   procedure.   The   differences   due   to   the  

treatment, in each experimental group, were evaluated   by   the   Student’s   t   test   for   related  

samples. The two-way ANOVA test for unpaired observations was used for age and gender 

groups,   followed   by   the   Scheffe’s   F   test.   Normality   of   the   samples   was   confirmed   by   the  

Kolmogorov-Smirnov test, while the homogeneity of variances was studied by the Levene 

test, being P<0.05 the minimum level of significance. The Sidak test with a level of 

significance set at P�0.05 was used for post hoc comparisons. 
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Results 

 The results of the neutrophil activities carried out in the phagocytic process (adherence 

to endothelium, the mobility directed to the infectious focus by a chemoattractant gradient 

(chemotaxis), ingestion of foreign agents, and their destruction with the help of oxygen free 

radicals, starting with superoxide anion) are shown in Figs 1 and 2. Regarding adherence 

capacity of PMN neutrophils, the aged groups before supplementation (BS) showed higher 

values of adherence indexes (AI) than adult controls (AC), statistical differences being higher 

in the men groups than in women groups.  After vitamin supplementation (S), the values of AI 

were significantly decreased with respect to the corresponding BS values in all the women 

and men groups, showing similar values to those of cells from the adults. After 6 months 

without vitamin ingestion (PS) the values of AI are similar to those in BS in women, but they 

remained lower than those of BS in men. Comparing the effects of vitamin C versus vitamin 

C plus E, the AI was higher in neutrophils of men after supplementation (S) and after 6 

months without vitamin ingestion (PS) with both vitamins than only with vitamin C. 

 The chemotaxis indexes (CI) of neutrophils of elderly women and men, before 

supplementation (BS), were lower than those of the adults in all the groups. After 

supplementation (S), these indexes showed significantly higher values than those found in BS, 

and similar to the corresponding values in adults, with the exception of the group of vitamin C 

in men, in which the values were still lower than in the corresponding AC. In the PS groups 

the CI brought the values near those of the BS.  

 The phagocytosis indexes (PI), lower in neutrophils from elderly women and men than 

in those from the corresponding adults, increased after supplementation with vitamins in all 

the groups, the values being similar to those in adults in all the groups or even higher as it 

occurs in the vitamin C group of women. In the PS groups the values decreased in women 

with respect to those after supplementation (S), being close to the values of the BS. However, 

in men the values of PS were similar to those in S.  

 The results corresponding to the levels of superoxide anion in non-stimulated and 

stimulated neutrophils are shown in Fig. 2. The values in the aged BS groups were 

significantly higher in all the groups with respect to those in the corresponding adults. After 

supplementation (S) there were significant decreases in all groups. Thus, the values were 

similar to those in adults or even lower than in adults (it is the case in women in both groups 
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of supplementation in non stimulated neutrophils and in the vitamin C+E group in stimulated 

cells, and in men in the group of vitamin C+E both in non-stimulated and stimulated 

neutrophils). In the PS groups the values were increased with respect to those after 

supplementation (S), but decreased with respect to those in BS, the values being similar to 

those in adults. Comparing the effects of vitamin C versus vitamin C plus E, the superoxide 

anion levels were lower after supplementation (S) with both vitamins than with vitamin C, in 

neutrophils of men, both stimulated and non-stimulated, and in stimulated neutrophils of 

women. 

 With respect to the lymphocyte functions studied, the results of adherence (A.I.) and 

chemotaxis (C.I.) are shown in Fig. 3. The values of A.I. of lymphocytes from elderly 

subjects before supplementation (BS) were higher than those from adults. After vitamin 

supplementation (S), the values of A.I. were decreased with respect to the corresponding BS 

values in women and men, showing similar values to those in cells from adults or even lower 

values as is the case of the group of vitamin C in men. In PS the values of A.I. were similar to 

those found before supplementation (BS) (in vitamin C+E group of women and in vitamin C 

group of men) or they maintained values lower than BS (in vitamin C group in women and in 

vitamin C+E group in men). Comparing the effects of vitamin C versus vitamin C+E, the AI 

was higher in neutrophils of men after supplementation (S) with both vitamins than only with 

vitamin C.The chemotaxis of lymphocytes was lower in elderly men and women than in the 

adults. With vitamin supplementation (S) this function increased in cells from women and 

men, the values being similar to those in adult controls. After 6 months without 

supplementation (PS) the values of CI decreased with respect to the values in S in all the 

groups, although preserving values higher than those before supplementation in the group of 

vitamin C in men.  

 The lymphoproliferative capacity in response to PHA, the IL-2 release and the NK 

activity are shown in Fig. 4. These parameters were lower in cells from elderly men and 

women than in adults. After the supplementation with vitamins (S) all these functions were 

stimulated, showing values similar to those in adults. After 6 months without supplementation 

of vitamins (PS) the values decreased, being similar to those found BS in all the groups and 

functions with the exception of lymphoproliferation of the group of vitamin C in women and 

men, and in the case of IL-2 release in the vitamin C group in men. In those cases the values 
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were higher than in BS. Comparing the effects of vitamin C versus vitamin C plus E, the 

proliferation was higher after supplementation (S) and after 6 months without 

supplementation (PS) with vitamin C than with both vitamins, in lymphocytes of women.  

 

Discussion 

 This work describes for the first time that a short period (3 months) of 

supplementation with vitamin C (500 mg/day) in elderly men and women improves several 

relevant functions of the immune cells in human peripheral blood, which are those that suffer 

an impairment with age (2,5-7). In addition, this is the first research on the effects for the 

same short period of supplementation with vitamin C and E not only in elderly women, in 

which we had studied several immune parameters (44) and with a higher dose of vitamin C 

and period of supplementation than this used here (39), but in men, and with adult control 

groups. With vitamin C plus E similar results, in general, to those with only vitamin C have 

been obtained, although in functions such as the adherence and proliferation of lymphocytes, 

a more positive effect of the vitamin C supplementation alone was found. In the present work 

we have also investigated if after a period of 6 months without these supplementations the 

effects are maintained, which occurs in several functions. This is more frequently with 

vitamin C than with vitamin C plus E. Since in all the cases the values of the immune 

functions after intake of the vitamins were closer to those of adults, these antioxidants seem to 

be modulators of immune functions and not merely stimulators of them, as has been observed 

with these and other antioxidants (37,45). 

The changes of the functions studied in elderly subjects with respect to those in adults 

confirm the immune senescence state of the healthy elderly men and women investigated 

before the intake of antioxidants. Thus, T cells, which are considered to be the most 

susceptible to immunosenescence (1,2), showed a clear decrease in the proliferation response 

to the mitogen PHA, one of the central events implicated in the development of the immune 

response, as well as in its IL-2 production in both elderly men and women, in agreement with 

previous results (1,2,5,37,43). As regards functions of the non-specific immune response 

carried out by phagocytes and NK cells, most previous research shows a decrease in NK 

citotoxicity (2,4,23,37,43), and in other functions such as chemotaxis and ingestion of 

phagocytes (2,5,6,37,43). The chemotaxis of lymphocytes was also found to be impaired in 
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elderly subjects in agreement with previous results (2,37,43). However, adherence capacity, 

of both lymphocytes and phagocytes, increases with aging as several studies have shown 

(2,37). With respect to the age-related changes in the levels of superoxide anion, although 

there are contradictory data, previous results have also shown an increase of this anion in 

neutrophils from elderly men and women (37,43). Since the age-related changes in blood 

leukocytes from humans are similar to those in peritoneal leukocytes from mice (2,5,37,43), 

and using prematurely aging mice and extremely long-lived subjects, we have shown that 

those functions are biomarkers of the rate of aging, ie.: the biological age, and predictors of 

longevity (2,7), the men and women studied show the typical immunosenescence of their 

chronological age. 

Since immunosenescence may be a consequence of oxidative stress (2), diet 

supplementation with antioxidants has been investigated as a way to prevent or even reverse 

that age-related immune dysfunction, thus increasing health and therefore life span (46). This 

has been confirmed in previous experiments with mice, in which the old animals that ingested 

diet supplemented with appropriated amount of antioxidants showed an improvement of 

immune cell functions, a better redox state and increased longevity (2,46). Although there is 

experimental evidence showing that antioxidants such as vitamin C and E may prevent or 

delay the oxidative stress and the physiological impairment associated with physiological and 

pathological aging, there are also controversial results, especially epidemiological evidence, 

on the effect of antioxidant vitamin supplementations increasing well-being and prolonging 

life span, being the doses of antioxidants one of the most relevant causes (46-48). Thus, a 

hormetic role of dietary antioxidants, with a U-shaped dose responses in the redox situation of 

the organism has been proposed (17). In fact, even in the case of vitamin C, although the 

results of several studies have recommended the use of high doses of this antioxidant to cure 

and prevent the common cold infections and to prevent the onset of cancer (49), and doses of 

2.000 or 5.000 mg/day are well tolerated (50), safe and without negative or suppressive 

effects on immune cell function, the possible pro-oxidant role of high levels of ascorbic acid 

in certain circumstances (51), advices to be cautious with the amount of this antioxidant in the 

supplementation trials. However, 1000 mg/day intake of vitamin C supplementation, 

accompanied by a diet rich in fruit and vegetables has been recommended for an optimal 

health (52). Since intakes of up to 1.000 mg/day of vitamin C show a favorable effect on 
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immune response (19), and it has been indicated that at least an intake of 200 mg/day is 

needed for increasing immune functions (18), a dose of 500 mg/day of vitamin C was chosen 

in the present study. Moreover, it has been shown that higher doses did not increase the 

leukocyte incorporation of the vitamin (53). In the case of vitamin E, with which also offers 

controversial results (positive or without effect depending on the doses), the previously used 

dose of this vitamin with a good effect on the immune functions studied in the present work 

(37), was chosen. 

With respect to the adherence capacity of leukocytes and the superoxide levels of 

neutrophils, the increases with aging in these functions were lowered bringing their values 

near those of adults after vitamin C intake. Adherence of lymphocytes or phagocytes is the 

first event in the immune and inflammatory response and it is a function that precedes the 

migration (i.e. chemotaxis) of immune cells. Leukocyte adherence increases in oxidative 

situations such as chronological aging, premature aging or endotoxic shock, because free 

radicals stimulate the expression of adherence molecules (2,45). Although there are some data 

in which these vitamins increase leukocyte adherence (22, 39), in agreement with the present 

results, a decrease of the adhesion of monocytes to endothelial cells (54) as well as the 

expression of adhesion molecules on these cells (55) has been observed with vitamin C 

supplementation. Moreover, a decrease of adherence in neutrophils and lymphocytes from 

elderly men and women has been found with vitamin E supplementation (37). Vitamin C and 

vitamin C plus E ingestion also decreased the intracellular superoxide levels of neutrophils. 

The ingestion of antioxidants such as vitamin E and N-acetylcysteine appears to slow down 

the age-related increase in superoxide production by neutrophils (37,43). An oral vitamin C 

therapy in chronic heart failure patients, with high levels of oxidative stress, decreased 

neutrophil superoxide anion generating capacity and concomitant oxidative stress (56). In this 

respect, although ROS production is an important mechanism of microorganism destruction 

by phagocytes, there is evidence of a positive correlation between low levels of superoxide 

anion and bactericidal activity (57), whereas the increased levels found by us in neutrophils 

from elderly men and women before antioxidant intake could be harmful for immune cells 

and the surrounding cells and tissues (2). Moreover, Wolach et al. (58) showed that excessive 

superoxide generation had no parallel effect on bactericidal capacity. Besides, the decrease in 

the oxidative status of elderly women after vitamin C and E supplementation is in agreement 
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with previous results showing a decrease of lipid peroxidation in serum, determined by the 

malondialdehyde (MDA) levels, in elderly women after supplementation with these 

antioxidants (39).  

Other functions such as the chemotaxis of neutrophils and lymphocytes as well as the 

phagocytic capacity of neutrophils, which decrease with aging, are increased after vitamin C 

and vitamin C+E intake, improving their defense function. Vitamin C supplementation (2.000 

mg/day) for 2 weeks restored the chemotaxis of monocytes from smokers, which was 

decreased with respect the non-smoker controls (25). With respect to the phagocytic function, 

in peritoneal macrophages of mice and guinea pigs ascorbic acid was used in the phagocytosis 

process and thus there was a decrease in its levels during the ingestion of foreign particles 

(20). In vitro, ascorbic acid increased the number of latex particles internalized by 

macrophages from adult mice (22) and vitamin C modulates phagocytosis activity in immune 

cells (59). These results could explain the increase of phagocytosis capacity after the vitamin 

C supplementation. In a previous study vitamin E intake also increased chemotaxis of 

neutrophils and lymphocytes as well as the phagocytosis of neutrophils in elderly men and 

women (37).  

 With respect to T-lymphocyte proliferation in response to mitogens and the release of 

IL-2 cytokine, two functions that clearly decrease with aging, the supplementation with 

vitamin E have shown a positive effect (37,60). Vitamin C has been seldom studied on these 

functions and contradictory results have been obtained, even no significant effect on 

proliferation (59,61), and showed a dose-dependent inhibition of IL-2 producing lymphocytes 

upon PMA/ionomycin stimulation (24).  However, in the present work an increased 

proliferation of lymphocytes in response to PHA and of IL-2 release have been observed in 

elderly men and women after vitamin C supplementation, and the same occurs with the 

vitamin C and E intake. Since one important cause of the age-related impairment of 

lymphocyte response to mitogens is a progressively decreasing proportion of functional T 

cells, which could be due to the excessive apoptosis, it has been suggested that one potential 

mechanism underlying the enhanced immune response by vitamin C may be the inhibition of 

leukocyte apoptosis signaling pathways that cause this antioxidant (62).  
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With respect to the NK cytotoxicity against tumors, the stimulation found in the 

present study is in agreement with previous work using the same dose of vitamin C  

(500mg/day) (53). Vitamin E also improves NK activity in elderly men and women (37).  

 Because there are data supporting the idea that immune function in aging is similar to 

that in inflammatory conditions (2) and that antioxidants also have anti-inflammatory effects, 

they may act in this way on immune function (24,63). Thus, vitamin C could act as anti-

inflammatory inhibiting the initial expression of pro-inflammatory cytokines and also their 

autocrine stimulation pathway via NFkB (24,64). The anti-inflammatory effect of vitamin E, 

which acts decreasing the production of prostaglandins by phagocytes (60), is also mediated 

via decrease of a high activation of NFkB (36). The levels of NFkB expression in peritoneal 

leukocytes of mice are related with the oxidative stress of these cells, with their function and 

with the span of life of the subjects (5). Therefore, the beneficial results obtained with vitamin 

C and vitamin C plus E supplementations could be due to their antioxidant and anti-

inflammatory role. Thus, since an oxidative and inflammatory stress is in the base of the 

immunosenescence, which is involved in the rate of aging (2), the ingestion of adequate 

amounts of antioxidants such as vitamin C and vitamin E could regulate the immune cell 

functions and therefore oxi-inflamm-aging of the subjects. Although some research questions 

the positive role of the ingestion of antioxidant vitamins, especially in high doses, in the 

organism as consequence of a possible decrease that they cause on the endogen antioxidant 

defenses (48), other studies show the positive role of supplementation with moderate levels of 

antioxidant vitamins (2,34,37,38,43). Thus, vitamin C (1000mg/day) and E (400IU/day) 

ingestion prevented the induction by exercise of several endogen antioxidant defenses (65), 

whereas in other study vitamin C (152 mg/day) and E (50 mg/day) decreased the exercise-

induced oxidative damage, without blocking the cellular adaptation (66). Moreover, vitamin C 

supplementation (4 times a day in a 500mg dose) suppressed lipid peroxidation process 

during exercise (67). If some work suggests that the improvement of immune parameters in a 

population with a generally good immune and nutritional status is limited (68), the results of 

the present study confirm, at least in elderly populations, the positive effects on the immune 

system of the supplementation used and thus, its possible role in the decrease of duration and 

severity of infections as was previously suggested (26). Moreover, these vitamin 

supplementations seem useful to rejuvenate the immune system, since bring the values of 
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immune parameters studied closer to those of adult subjects. In prematurely aging mice the 

ingestion of a diet enriched with nutritional doses of antioxidants such as vitamin C, vitamin 

E, zinc, selenium and E-carotenes improved the peritoneal leukocyte functions, restored their 

redox balance (38) and increased the life span of the animals (data sent to be published). 

Thus, since the age-related changes of immune functions such as those studied in the present 

work, are similar in peritoneal leukocytes of mice and in peripheral blood leukocytes of 

humans, and since these immune parameters are markers of health, biological age and 

longevity (2), it is possible to suggest that the supplementation used in the present study could 

improve the quality of life and increase a healthy longevity in elderly men and women.  

 If the effects obtained are consequence of the antioxidant properties of vitamin C and E or 

if they act as physiological-redox-signaling modulators is an interesting subject of future 

research. 
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 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Vitamin C and vitamin C plus E improves immune functions in elderly men and women  

 

 17 

 

  References 
1. Pawelec G, Barnett Y, Forsey R, Frasca D, Globerson A, McLeod J, Caruso C, Franceschi C, 

Fülop T, Gupta S, Mariani E, Mocchegiani E, Solana R (2002) T cells and aging. Front Biosci 7: 
d1056-d1183. 

2. De la Fuente M, Miquel J (2009) An update of the oxidation-inflammation theory of aging: the 
involvement of the immune system in oxi-inflamm-aging. Curr Pharm Des 15: 3003-26. 

3.  Desai A, Grolleau-Julius A, Yung R (2010)  Leukocyte function in the aging immune system. J 
Leuk Biol 87: 1001-1009. 

4. Le Garff-Tavernier M, Béziat V, Decocq J, Siguret V, Gandjbakhch F, Pautas E, Debré P, 
Merle-Beral H, Vieillard V (2010) Human NK cells display major phenotypic and functional 
changes over the life span. Aging Cell  9: 527-35. 

5. Arranz L, Caamaño J, Lord JM,  De la Fuente M.  (2010). Preserved immune functions and 
controlled leukocyte oxidative stress in naturally long-lived mice: Possible role of nuclear factor-
kappa B. J Gerontol A Biol. Sci. 65A:941-950. 

6. Wessels I,  Jansen J, Rink L,  Uciechowski P (2010) Immunosenescence of polymorphonuclear 
neutrophils. Scientific Word J. 10: 145-160. 

7. Alonso-Fernandez P, De la Fuente M (2011) Role of the immune sytem in aging and longevity. 
Curr Aging Sci. 4 (2):78-100.  

8. High KP (2004) Infection as a cause of age-related morbidity and mortality. Ageing Res Rev 3: 
1-14. 

9. Shaw AC, Joshi S, Greenwood H, Panda A, Lord JM (2010) Aging of the innate immune 
system. Curr Opin Immunol. 22: 507-13. 

10. Wayne SJ, Rhyne RL. Garry PJ, Goodwin JS (1990) Cell-mediated immunity as a predictor of 
morbidity and mortality in subjects over 60. J Gerontol. 45: 45-48. 

11. Franceschi C, Monti D, Sansoni P, Cossarizza A (1995) The immunology of exceptional 
individuals: the lesson of centenarians. Immunol Today.  16: 12-16. 

12. Alonso-Fernandez P, Puerto M, Maté I, Ribera JM, De la Fuente M (2008) Neutrophils of 
centenarians show function levels similar to those of adults J Am Geriatr Soc 56: 2244-51. 

13. Pinti M, Nasi M, Lugli E, Gibellini L, Bertoncelli L, Roat E, De Biasi S, Mussini C, Cossarizza 
A. (2010) T cell homeostasis in centenarians: from the thymus to the periphery. Curr  Pharm  
Des 16: 597-603. 

14. Harman D (1956) Aging: a theory based on free radicals and radiation chemistry. J Gerontol 11: 
298-300. 

15. Oliveira BF, Nogueira-Machado JA, Chaves MM (2010) The role of oxidative stress in the aging 
process. Sci World J 10: 1121-1128. 

16. Paiva CN, Bozza MT (2014) Are reactive oxygen species always detrimental to pathogens?. 
Antiox Redox Signal 20(6):1000-37.  

17. Calabrese V, Cornelius C, Trovato A, Cavallaro M, Mancuso C, Di Rienzo L, Condorelli D, De 
Lorenzo A, Calabrese EJ (2010) The hormetic role of dietary antioxidants in free radical-related 
diseases. Curr Pharm Des 16(7):877-83. 

18. Weber P, Bendich A, Schalch W (1996)  Vitamin C and  human health-are view of recent data 
relevant to human requirements. Int J Vit Nutr Res 66: 19-30. 

19. Wintergerst ES, Maggini S, Horning DH (2006) Immune-enhancing role of vitamin C and zinc 
and effect on clinical conditions. An Nutr Metabol 50: 85-94. 

20. Hernanz A, Collazos ME, De la Fuente M (1990) Effect of age, culture medium and lymphocyte 
presence on ascorbate content of peritoneal macrophages from mice and guinea pigs during 
phagocytosis. Int Arch Allergy Appl Immunol 1990; 91(2): 166-170.  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Vitamin C and vitamin C plus E improves immune functions in elderly men and women  

 

 18 

21. Schwages J, Schulze J (1998) Modulation of interleukin production by ascorbic acid. Vet 
Immunol Immunopathol. 64: 45-67. 

22. Del Rio M, Ruedas G, Medina S, Victor VM, De la Fuente M (1998) Improvement by several 
antioxidants of macrophage function in vitro.  Life Sci 63:871-81. 

23. Ferrandez MD, Correa R, Del Rio M, De la Fuente M (1999) Effects in vitro of several 
antioxidants on the natural killer function of aging mice.  Exp Gerontol 34:675-85. 

24. Härtel C, Strunk T, Bucsky P, Schultz C (2004) Effects of vitamin C on intracytoplasmic 
cytokine production in human whole blood monocytes and lymphocytes. Cytokine 7: 101-106. 

25. Stadler N, Eggermann J, Vöo N, Kranz A, Waltenberger J (2007)  Smokin-induced monocyte 
dysfunction is reversed by vitamin C supplementation in vivo.  Arter Thromb Vas Biol. 27:120-
127. 

26. Hemilä H (2003) Vitamin C, respiratory infections and the immune system. TRENDS Immunol 
24(11): 579-580. 

27. Maeng HG, Lim H, Jeong YJ, Woo A, Kang JS, Lee WJ, Hwang YI (2009) Vitamin C enters 
mouse T cells as dehydroascorbic acid in vitro does not recapitulate in vivo vitamin C effects. 
Immunobiol 214: 311-320. 

28. Sies H, Murphy ME (1981) Role of tocopherols in the protection of biological systems against 
oxidative damage, J Photochem Photobiol B 8: 211-224. 

29. Kowdley KV, Mason JB, Meydani SN, Cornwall S, Grand RJ (1992) Vitamin E deficiency and 
impaired cellular immunity related to intestinal fat malabsorption. Gastroenterol 102: 2139-2142. 

30. Hernandez J, Soto-Canevett E, Pinelli-Saavedra A, Resendiz M, Moya-Camarena SY, Klasing 
KC (2009) In vitro effect of vitamin E on lectin-stimulated porcine peripheral blood 
mononuclear cells.  Vet Immunol Immunopathol 131: 9-16. 

31. De la Fuente M, Carazo M, Correa R, Del Rio M (2000) Changes in macrophage and 
lymphocyte functions in guinea-pigs after different amounts of vitamin E ingestion. British J 
Nutr 84:25-29.  

32.  Field CJ, Johnson IR, Schley PD  (2002) Nutrients and their role in host resistance to infection.  
J Leuk Biol 71:16-32. 

33. Chernoff R (2005) Micronutrient requirement in older women. Am J Clin Nutr 81: 1240S-
1245S. 

34. Chandra RK (2004) Impact of nutritional status and nutrient supplements on immune responses 
and incidence of infection in older individuals. Ageing Res Rev 3(1): 91-104. 

35. Fletcher AE, Breeze E, Shetty PS. (2003). Antioxidant vitamins and mortality in older persons: 
findings from the nutrition add-on study to the Medical research Council Trial of assessment and 
management of older people in the community. Am J Clin Nutr. 78: 999-1010. 

36. Wu D, Meydani SN (2008) Age-associated changes in immune and inflammatory responses: 
impact of vitamin E intervention. J Leuk Biol 84(4):900-14.  

37. De la Fuente M, Hernanz A, Guayerbas N, Víctor VM, Arnalich F (2008) Vitamin E ingestion 
improves several immune functions in elderly men and women. Free Rad Res 42:272-280. 

38. Alvarado C, Alvarez P, Puerto M, Gausserés N, Jimenez L, De la Fuente M (2006) Dietary 
supplementation with antioxidants improves functions and decreases oxidative stress of 
leukocytes from prematurely aging mice. Nutrition 22: 767-777.  

39. De la Fuente M, Ferrandez MD, Burgos MS, Soler A, Prieto A, Miquel J (1998) Immune 
function in aged women is improved by ingestion of vitamin C and E. Canad J Pharmacol  76: 
373-380.  

40. Zandi PP, Anthony JC, Khachaturian AS, Stone SV, Gustafson D, Tschanz JT, Norton MC, 
Welsh-Bohmer KA, Breitner JC; Cache County Study Group (2004) Reduced risk of Alzheimer 
Disease in user of antioxidant vitamin supplements.  Arch Neurol 61: 82-88. 

41. Ligthart GJ, Corberand JX, Fournier C, Galanaud P, Hijmans W, Kennes B, Müller-Hermelink 
HK, Steinmann GG (1984) Admission criteria for immunogerontological studies in man: the 
SENIEUR protocol. Mech Ageing Dev  28: 47-55. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Vitamin C and vitamin C plus E improves immune functions in elderly men and women  

 

 19 

42. Meydani SN, Leka LS, Fine BC, Dallal GE, Keusch GT, Singh MF, Hamer DH (2004) Vitamin 
E and respiratory tract infections in elderly nursing home residents. A randomized controlled 
trial.  JAMA 292: 828-836. 

43. Arranz L, Fernandez C, Rodriguez A, Ribera JM, De la Fuente M (2008) The glutathione 
precursor N-acetylcysteine improves immune function in postmenopausal women. Free Rad Biol 
Med 45: 1252-1262. 

44. De la Fuente M, Hernanz A, Vallejo C (2005) The immune system in the oxidative stress 
conditions of aging and hipertensión: favorable effects of antioxidants and physical exercise. 
Antiox Redox Sig 7(9&10): 1356-1366. 

45. De la Fuente M, Víctor VM (2000) Antioxidants as modulators of immune function. Immunol 
Cell Biol. 78(1): 49-54. 

46. Sadowska-Bartosz I, Bartosz G (2014) Effect of antioxidants supplementation on aging and 
longevity. Biomed Res Int 2014:1-17.  

47. Brambilla D, Mancuso C, Scuderi MR, Bosco P, Cantarella G, Lempereur L, Di Benedetto G, 
Pezzino S, Bernardini R  (2008) The role of antioxidant supplement in immune system, 
neoplastic, and neurodegenerative disorders: a point of view for an assessment of the risk/benefit 
profile.  Nutr J 7: 29-38.ç 

48. Viña J, Gomez-Cabrera MC, Borras C (2007)  Fostering antioxidant defences: up-regulation of 
antioxidant genes or antioxidant supplementation?. British J Nutr 98: S36-S40. 

49. Verrax J, Calderon PB (2009) Pharmacologic concentrations of ascorbate are achieved by 
parenteral administration and exhibit antitumoral effects.  Free Rad Biol Med 47: 32-40. 

50. Jacob RA, Sotoudeh G (2002) Vitamin C function and status in chronic disease. Nutr Clin Care 
5: 66-74. 

51. Childs A, Jacobs C, Kaminski T, Halliwell B, Leeuwenburgh C (2001) Supplementation with 
vitamin C and N-acetyl-cysteine increases oxidative stress in humans after an acute muscle 
injury induced by eccentric exercise.  Free Rad Biol  Med 31:745-753. 

52. Deruelle   F,   Baron   B   (2008)  Vitamin   C:   is   supplementation   necessary   for   optimal   health?”,   J  
Altern Compl Med 14:1291-1298. 

53. Vodjani A, Bazargan M, Vodjani E, Wright J (2000) New evidence for antioxidant properties of 
vitamin C. Cancer Detec Preven 24: 508-523.  

54. Woollard KJ, Loryman CJ, Meredith E, Bevan R, Shaw JA, Lunec J, Griffiths HR (2002)     
Effects of oral vitamin C on monocyte: endothelial cell adhesion in healthy subjects. Biochem 
Biophys Res  Commun 294: 1161-1168.  

55. Rayment SJ, Shaw J, Woollard KJ, Lunec J, Griffiths HR (2003) Vitamin C supplementation in 
normal subjects reduces constitutive ICAM-1 expression. Biochem Biophys Res Commun 308: 
339-345. 

56. Ellis GR, Anderson RA, Lang D, Blackman DJ, Morris RH, Morris-Thurgood J, McDowell IF, 
Jackson SK, Lewis MJ, Frenneaux MP (2000) Neutrophil superoxide anion-generating capacity, 
endothelial function and oxidative stress in chronic heart failure: effects of short- and long-term 
vitamin C therapy.  J Am Coll Cardiol 36(5):1474-82. 

57. Boxer LA (1995) Neutrophil disorders: qualitative abnormalities of the neutrophil. In: Williams 
WJ, Beutler E, Erslev AJ, Lichtman MA (eds). Hematology Fifth, McGraw-Hill. New York. 

58. Wolach B, Gavrieli R, Pomeranz A (2000) Effect of granulocyte and granulocyte macrophage 
colony stimulating factors (G-CSF and GM-CSF) on neonatal neutrophil functions.  Pediatric 
Res 48: 369-373. 

59. Ströle A, Wolters M, Hahn  A (2011) Micronutrients at the interface between inflammation and 
infection-ascorbic acid and calciferol: part 1, general overview with a focus on ascorbic acid.  
Inflamm Allergy Drug Target. 10: 54-63.  

60. Meydani SN, Han SN, Wu D (2005) Vitamin E and immune response in the aged: molecular 
mechanisms and clinical implications. Immunol Rev 205: 269-284 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Vitamin C and vitamin C plus E improves immune functions in elderly men and women  

 

 20 

61. Douziech N, Seres I, Larbi A, Szikszay E, Roy PM, Arcand M, Dupuis G, Fulop T Jr (2002) 
Modulation of human lymphocyte proliferative response with aging. Exp Gerontol 37: 369-387. 

62. Perez-Cruz I, Carcamo JM, Golde DW (2003) Vitamin C inhibits FAS-induced apoptosis in 
monocytes and U937 cells.  Blood 102:336-343. 

63. Singh U, Devaraj S, Jialal I (2005) Vitamin E, oxidative stress, and inflammation. Ann Rev Nutr 
25: 151-174. 

64. Carcamo JM, Pedraza A, Borquez- -
-13002. 

65. Ristow M, Zarse K, Oberbach A, Klöting N, Birringer M, Kiehntopf M, Stumvoll M, Kahn CR, 
Blüher M (2009) Antioxidants prevent health-promoting effect of physical exercise in humans.  
PNAS 106:8665-8670. 

66. Sureda A, Tauler P, Aguiló A, Cases N, Llompart I, Tur JA, Pons A (2008) Influence of an 
antioxidant vitamin-enriched drink on pre-and post-exercise lymphocyte antioxidant system.  
Ann  Nutr  Metab 52: 233-240. 

67. Popovic LM, Mitic NR, Miric D, Bisevac B, Miric M, Popovic B (2015) Influence of vitamin C 
supplementation on oxidative stress and neutrophil inflammatory response in acute and regular 
exercise.  Oxid Med Cell Longev 2015: 295497. doi: 10.1155/2015/295497. 

68. Wolvers DA, van Herpen-Broekmans WM, Logman MH, van der Wielen RP, Albers R (2006) 
Effect of a mixture of micronutrients, but not of bovine colostrums concentrate, on immune 
function parameters in healthy volunteers: a randomized placebo-controlled study. Nutr J 5: 28-
39. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Vitamin C and vitamin C plus E improves immune functions in elderly men and women  

 

 21 

Figures 

Fig. 1. Neutrophil adherence (adherence index (AI): percentage of neutrophil 

adherence to nylon fiber) (A), chemotaxis (chemotaxis index (CI): number of 

neutrophils on filter) (B) and phagocytosis (phagocytic index (PI): number of latex 

beads/100 neutrophils) (C) capacities of cells from adult controls (AC) and elderly 

subjects before (BS), after 3 months of vitamin C or vitamin C plus vitamin E 

supplementations (S) and 6 months after the end of supplementations without 

vitamin intake (PS). Each column represents the mean ± standard deviation of the 

values corresponding to elderly (12 women or 10 men), and adult (15 women and 15 

men) subjects and each value being the mean of duplicate assays. *P<0.05, 

**P<0.01 and *** P<0.001 with respect to the corresponding BS or S values.  

aP<0.05, bP<0.01 and cP<0.001 with respect to the corresponding AC values. 
 

Fig. 2. Superoxide anion levels in non-stimulated and stimulated samples 

(Absorbances) of human peripheral neutrophils from adult (controls) (AC) and 

elderly women and men before (BS), after 3 months of vitamin C or vitamin C plus 

vitamin E supplementations (S) and 6 months after the end of supplementations 

without vitamin intake (PS). Each column represents the mean ± standard deviation 

of the values corresponding to elderly (12 women or 10 men) and adult (15 women 

and 15 men) subjects and each value being the mean of duplicate assays. *P<0.05, 

**P<0.01 and ***P<0.001 with respect to the corresponding BS or S values.  

aP<0.05, bP<0.01 and cP<0.001 with respect to the corresponding AC values. 
 

Fig. 3. Lymphocyte adherence (adherence index (AI): percentage of lymphocyte 

adherence to nylon fiber) (A) and chemotaxis (chemotaxis index (CI): number of 

lymphocytes on filter) (B) capacities of cells from adult controls (AC) and elderly 

subjects before (BS), after 3 months of vitamin C or vitamin C plus vitamin E 

supplementations (S) and 6 months after the end of supplementations without 

vitamin intake (PS). Each column represents the mean ± standard deviation of the 

values corresponding to elderly (12 women or 10 men), and adult (15 women and 15 
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men) subjects and each value being the mean of duplicate assays. *P<0.05, 

**P<0.01 and ***P<0.001 with respect to the corresponding BS or S values. 

aP<0.05, bP<0.01 and cP<0.001 with respect to the corresponding AC values. 

 

Fig. 4. Proliferation in response to PHA (counts per minute: cpm) (A), IL-2 levels 

(U/ml) in supernatants of PHA-stimulated cultures of lymphocytes (B) and NK 

activity (lysis % of human tumoral cells) (C) of human peripheral lymphocytes from 

adult controls (AC) and elderly subjects before (BS), after 3 months of vitamin C or 

vitamin C plus vitamin E supplementations (S) and 6 months after the end of 

supplementations without vitamin intake (PS). Each column represents the mean ± 

standard deviation of the values corresponding to elderly (12 women or 10 men), 

and adult (15 women and 15 men) subjects and each value being the mean of 

duplicate assays. *P<0.05, **P<0.01 and ***P<0.001 with respect to the 

corresponding BS or S values. aP<0.05, bP<0.01 and cP<0.001 with respect to the 

corresponding AC values. 
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ORIGINAL COMMUNCATION

Effects of antioxidants on immune system ageing

M De la Fuente1*

1Departmento de Fisiologı́a Animal, Facultad de Ciencias Biológicas, Universidad Complutense de Madrid, Madrid, Spain

One of the most widely accepted theories proposed to explain ageing is the free radical theory, according to which oxygen-
derived free radicals cause age-related impairment through oxidative damage to biomolecules, with mitochondria being the
main target of free radical attack. Since oxygen radicals are needed for many metabolic and physiological processes, an
equilibrium between radical production and their antioxidant-linked inactivation is required to preserve health. Thus,
senescence is the result of an imbalance between free radical production and antioxidant defences, with concomitant oxidative
stress and age-dependent functional decline. This process is especially evident in the immune cells, which use free radicals in
their functions and suffer a senescent deterioration probably linked to oxygen stress. Conversely, several laboratories, including
our own, have shown that antioxidants preserve an adequate function of immune cells against homeostatic disturbances caused
by oxidative stress, such as that involved with age. Therefore, since the immune system is an indicator of health and a longevity
predictor, the protection of this system afforded by dietary antioxidant supplementation may play an important role in order to
achieve a healthy ageing.
European Journal of Clinical Nutrition (2002) 56, Suppl 3, S5 – S8. doi:10.1038=sj.ejcn.1601476

Keywords: ageing; antioxidants; immune system

The free radical theory of ageing
More than 300 theories have been proposed to explain the
ageing process (Medvedev, 1990), and although none has yet
been generally accepted by gerontologists, one of them,
namely the free radical theory, proposed by Harman in
1956, has steadily gained acceptance as a plausible explana-
tion of the primary chemical reactions involved in ageing.
Presently, due in part to further contributions by authors
such as Harman (1986) and Miquel (1998), the free radical
(or oxygen stress) theory is almost generally accepted.
According to this molecular theory, oxygen-derived free
radicals are responsible (due to their high reactivity) for the
age-associated damage at the cellular and tissue levels
through the oxidative modification of biological molecules
(lipids, proteins and nucleic acid), which leads to functional
impairment. Moreover, mitochondria, in which there is a
continuous generation of free radicals throughout cell life,
and especially mitochondrial DNA, are key targets of free
radical attack. Cells which use oxygen and consequently

produce reactive oxygen species (ROS) had to evolve com-
plex antioxidant defence systems to neutralize ROS and
protect themselves against free radical damage. Thus, the
increasing oxidative stress in ageing seems to be a conse-
quence of the imbalance between free radical production
and antioxidant defences with a higher production of the
former (Sastre et al, 2000).

Ageing and the immune system
A wealth of data support the view that the above mechan-
isms are associated with a decline of many physiological
functions, including those of the immune system, which
leads to a loss of homeostasis. The importance of senescence
of the immune system is evidenced by the high incidence of
tumours and the greater susceptibility to infections from
pathogens shown by the aged. Moreover, aged subjects
who maintain their immune functions at an exceptionally
high level probably have a long life span and may even
become centenarians (Pawelec et al, 1999). Thus, the
immune system has been proposed as a marker of biological
age and life span since a suboptimal immune function may
significantly contribute to morbidity and mortality in the
elderly. Moreover, an association between immune function
and individual longevity has been suggested (Wayne et al,
1990).
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Ageing of the immune system involves many changes in
all aspects of the immune response. It is now well known
that in general the activity of the immune system declines
with age, with the most pronounced alterations being found
in cell-mediated immunity, especially in the T lymphocyte
functions, with a decrease in their proliferative capacity as
well as in the production of IL-2. These changes have been
associated with alterations in the intracellular signalling
pathways (Pawelec et al, 1999). However, age does not
affect all aspects of the immune response equally, since the
influence of age on the non-specific immune response
mechanism is not always negative. Thus, some studies sug-
gest that the phagocytic cell functions do not change
throughout life, while others have observed a senescent
decrease or increase in them (Ortega et al, 2000). These
different results have been attributed to an inappropriate
choice of the age of the animals, which were considered old
when really they were still not so. Therefore, we have studied
several immune functions of phagocytes (non-specific func-
tions such as adherence, chemotaxis, ingestion and super-
oxide anion production as well as the production of
proinflammatory cytokines TNF-a and IL-1b), of lympho-
cytes (adherence, chemotaxis, lymphoproliferations and IL-
2 production) and NK activity in a range of ages in mice and
humans (Ortega et al, 2000; De la Fuente & Victor, 2000;
Guayerbas et al, 2002a,b). The changes of those functions
with ageing are summarized in Table 1. It is possible that
nearly every component of the immune system undergoes
dramatic age-associated restructuring, leading to changes
that include enhanced as well as diminished function.
Nevertheless, it seems that the functions more related to
oxidative stress such as adherence, free radical or proinflam-
matory cytokine production (Victor & De la Fuente, 2002),
are those that increase with age. Accordingly, we feel that
ageing could be considered a chronic inflammatory process.

On the other hand, it is generally accepted that a bidirec-
tional communication exists between the nervous and the
immune system (Besedovsky & Del Rey, 1996). Therefore,
ageing would be associated not only with a functional
decline in the immune and the nervous system, but also

with an impaired relationship between these two regulatory
systems (Fabris, 1991; De la Fuente et al, 2001), with resulting
loss of homeostasis that enhances the probability of death.

Ageing does not affect all individuals in the same way, ie
inter-individual differences in the rate of ageing suggest that
chronological and biological age do not necessarily coincide.
Thus, several studies on mice have related the response in
behavioural tests to biological age and to life span (Guayer-
bas et al, 2000; Viveros et al, 2001).

In agreement with the above, we have shown inter-indi-
vidual differences in life span among members of Swiss
outbred mouse or BALB=c inbred mouse populations which
are related to their behaviour in a simple T-maze test
(Guayerbas et al, 2000). Furthermore, a relation between T-
maze performance and immune status of those animals has
been shown. Thus, mice with a ‘slow’ performance show an
impaired immune function, hyperemotional response to
stress and a shorter life span when compared to the ‘fast’
mice, ie those which quickly explore the maze (Correa et al,
1999; Viveros et al, 2001; Guayerbas et al, 2002a,b). These
observations led us to propose the ‘slow’ mice as a model of
premature-ageing mice (PAM). Indeed, these PAM, in Swiss
and BALB=c strains of mice, show all the immune functions
studied (those indicated in Table 1) more aged in these mice
than in ‘fast’ mice (with the same chronological age as the
PAM), which are considered non-prematurely ageing mice
(NPAM).

Free radicals and antioxidants in the immune
system
The immune cell functions such as those involved in the
cytotoxic activity and particularly in phagocytes as regards
their microbicidal activity, are specially linked to reactive
oxygen species (ROS) generation. However, as mentioned
above, excessive amounts of ROS which are not counteracted
by the antioxidant defenses of the cell, can become a source
of tissue damage, since free radicals can attack cellular
components and lead to death because of the molecular
damage resulting from oxidative stress.

Thus, the immune cell functions are strongly influenced
by the antioxidant=oxidant balance and, therefore, the anti-
oxidant levels in these cells play a pivotal role in maintain-
ing immune cells in a reduced environment and in
protecting them from oxidative stress and preserving their
adequate function (Knight, 2000). More specifically, antiox-
idants maintain the integrity and function of membrane
lipids, cellular proteins, and nucleic acids and the control
of signal transduction of gene expression in immune cells.
For this reason the immune cells are particularly sensitive to
changes in their antioxidant status. Moreover, since the
immune system cells have a high percentage of polyunsa-
tured fatty acids in their plasma membrane, it is not surpris-
ing that these cells usually contain higher concentrations of
antioxidants than do other cells (Knight, 2000). Indeed,
since the early years of the twentieth century the history of

Table 1 Changes with ageing in different functions of immune cells.
Effects of a diet supplemented with antioxidants

Cells Function Ageing Antioxidants in age

1. Phagocytes Adherence Increase Decrease (¼ adult)
Migration Decrease Increase (¼ adult)
Phagocytosis Decrease Increase (¼ adult)
ROS production Increase Decrease (¼ adult)
TNF-a production Increase Decrease (¼ adult)
IL-1 production Increase Decrease (¼ adult)

2. Lymphocytes Adherence Increase Decrease (¼ adult)
Migration Decrease Increase (¼ adult)
Proliferation Decrease Increase (¼ adult)
IL-2 production Decrease Increase (¼ adult)

3. NK cells Cytotoxicity Decrease Increase (¼ adult)
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the relationship between antioxidants and immunology
began with an appreciation that antioxidant nutrient defi-
ciencies may cause disease, and that antioxidants have an
immunostimulating action. Although recent results throw
doubt on this concept, since a total neutralization of ROS
could block their functional role and higher levels of anti-
oxidants can produce oxidant effects, the administration of
antioxidants has been shown to improve several immune
functions.

Antioxidants, namely ascorbic acid (vitamin C in humans
and guinea pigs, which is an important cytoplasmic antiox-
idant), vitamin E (which is considered the principal antiox-
idant defense against lipid peroxidation in the cell
membrane of mammals), glutathione (GSH, which is the
most abundant nonprotein thiol-containing substance in
living organisms and, in its reduced form, is one of the key
links in the chain of antioxidant defenses protecting mole-
cules against ROS damage) or other compounds which raise
the tissue levels of thiol groups, such as thioproline (which is
anti-toxic in the liver and increases life span in mice) or N-
acetylcysteine (NAC, which shows a wide range of effects at
all cellular levels such as inhibitory action on apoptosis, pro-
inflammatory cytokine production, carcinogenic action of
some compounds and metastasis), seem to be excellent
controllers of injurious oxidation. Moreover, the levels of
these antioxidants decrease during oxidative stress. All these
antioxidants have been shown to improve the immune
functions in vitro and in vivo (Correa et al, 1999; De la
Fuente & Victor, 2000; Victor & De la Fuente, 2002). Further-
more, they inhibit the activation of the nuclear transcription
factor NF-kB produced by oxidative stress, which could result
in a decrease of free radicals and pro-inflammatory cytokine
production. Therefore, the above-mentioned antioxidants
also have an antinflammatory action.

Antioxidants and the immune system with ageing
As pointed out above it is accepted that ROS may contribute
to cell ageing, and that immunosenescence could result from
the continuous oxidative stress with age. Normal senescence
is accompanied by a decline in the levels of antioxidants, as
occurs for example with GSH, in the blood and organs of
humans and experimental animals (Miquel & Weber, 1990).
Moreover, a great longevity may be associated with an
optimal antioxidant protection. The senescent decrease in
antioxidant levels supports the free radical theory of ageing,
and provides a rationale for decreasing the rate of ageing by
supplementing the diet with these antioxidants (Miquel &
Weber, 1990). Previous studies from our laboratory, in old
mice as well as in elderly men and women, have demon-
strated the beneficial effects in vitro and in vivo, on the
immune functions, of the antioxidants mentioned above
(De la Fuente et al, 1998a,b; De la Fuente & Victor, 2000;
Ferrández et al, 1999), and we should emphasize that an
adequate immune system is a marker of health and longevity
(Wayne et al, 1990). Moreover, the antioxidant doses should

be higher in old animals than in the adult in order to
improve the immune system (De la Fuente et al, 2002).

In the premature ageing model commented on above the
supplementation of the diet with thioproline and=or NAC
improved immune function in PAM bringing the values of
the immune functions near those found in the NPAM
(Correa et al, 1999).

Apparently the antioxidants are able to raise the decreased
functions and lower the very stimulated functions in
immune cells from aged animals. This immunomodulatory
role of antioxidants has been shown in immune cell func-
tions in ageing and in an oxidative stress experimental
model, namely endotoxic shock, in which the immune
functions are altered in a way similar to ageing (De la
Fuente & Victor, 2000; Victor & De la Fuente, 2002).

In Table 1 changes in several immune functions with
ageing are shown as well as their response to ingestion of a
diet supplemented with antioxidants.

In summary, since the immunostimulant effects of anti-
oxidants depend on the age and immune state of organisms
as well as on the kind of immune function studied, we
hypothesize that antioxidants, such as the above-mentioned
compounds, do not exert an indiscriminate stimulating
effect on the immune cell function, but instead they are
homeostatic factors. Thus, since the immune system is a
health indicator and longevity predictor, the protection of
this system by antioxidant diet supplementation may be
useful for health preservation in the aged.

Acknowledgements
This work was supported by FIS (99=0815) and MCYT
(BFI2001-1218) grants.

References
Besedovsky H & Del Rey A (1996): Immune-neuro-endocrine inter-

actions: facts and hypotheses. Endocrinol. Rev. 17, 64 –102.
Correa R, Blanco B, Del Rı́o M, Victor V, Guayerbas N, Medina S & De

la Fuente M (1999): Effect of a diet supplemented with thioproline
on murine macrophage function in a model of premature ageing.
Biofactors 10, 195 –200.

De la Fuente M & Victor VM (2000) Antioxidants as modulators of
immune function. Immunol. Cell Biol. 78, 49 –54.

De la Fuente M, Ferrandez MD, Burgos MS, Soler A, Prieto A &
Miquel J (1998a): Immune function in aged women is improved
by ingestion of vitamins C and E. Can. J. Physiol. Pharmac. 76,
373 –380.

De la Fuente M, Ferrandez MD, Del Rio M, Burgos MS & Miquel J
(1998b): Enhancement of leukocyte functions in aged mice sup-
plemented with the antioxidant thioproline. Mech. Ageing Devl.
104, 213 –225.

De la Fuente M, Del Rio M & Medina S (2001): Changes with aging in
the modulation by neuropeptide Y of murine peritoneal macro-
phage functions. J. Neuroimmunol. 116, 156 –167.

De la Fuente M, Miquel J, Catalán MP, Victor VM & Guayerbas N
(2002): The amount of thiolic antioxidant ingestion needed to
improve several immune functions is higher in aged than in adult
mice. Free Rad. Res. 36, 119 –126.

Fabris N (1991): Neuroendocrine-immune interactions: a theoretical
approach to ageing. Arch. Gerontol. Geriatr. 12, 219 –230.

Antioxidants and immune system ageing
M De la Fuente

S7

European Journal of Clinical Nutrition



Ferrández MD, Correa R, Del Rio M & De la Fuente M (1999): Effects
in vitro of several antioxidants on the natural killer function of
aging mice. Exp. Gerontol. 34, 675 –685.

Guayerbas N, Sánchez AI, Gamallo A, Miquel J & De la Fuente M
(2000): Mouse performance in an exploratory activity test as a
longevity biomarker. In Animal Research and Welfare A Partnership,
pp 159 –161. UK: Lab Animals Ltd.

Guayerbas N, Catalán M, Victor VM, Miquel J & De la Fuente M
(2002a): Relation of behaviour and macrophage function to life
span in a murine model of premature immunosenescence. Behav.
Brain Res. (in press).

Guayerbas N, Puerto M, Victor VM, Miquel J & De la Fuente M
(2002b): Leukocyte function and life span in a murine model of
premature immunosenescence. Exp. Gerontol. 37, 249 –256.

Harman D (1956): Aging: a theory based on free radicals and radia-
tion chemistry. J. Gerontol. 11, 298 –300.

Harman D (1986): Free radical theory of aging: role of free radicals in
the origination and evolution of life, aging and disease processes.
In: Free Radicals, Aging and Degenerative Diseases ed. JE Johnson Jr, R
Walford, D Harman, J Miquel, pp 3 –49. New York: Liss.

Knight JA (2000): Review: free radicals, antioxidants and immune
system. Ann. Clin. Lab. Sci. 30, 145 –158.

Medvedev ZA (1990): An attempt at a rational classification of
theories of aging. Biol. Rev. 65, 375 –398.

Miquel J (1998): An update on the oxygen stress –mitochondrial
mutation theory of aging: genetic and evolutionary implications.
Exp. Gerontol. 33, 113 –126.

Miquel J & Weber H (1990): Aging and increased oxidation of the
sulfur pool. In Glutathione ed. J Viña Boca Raton, FL: RC Press.

Ortega E, Garcı́a JJ & De la Fuente M (2000): Ageing modulates some
aspects of the non-specific immune response of murine macro-
phages and lymphocytes. Exp. Physiol. 85, 519 –525.

Pawelek G, Effros C, Caruso C, Remarque E, Barnett Y & Solana R
(1999): T cells and aging. Front. Biosci. 4, 216 –269.
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pothesize that chronic hyperreactivity to stress (trait anxi-
ety) leading to immune dysfunction may have a causal rela-
tionship with impaired health and premature aging. In view 
of the link between oxidative stress and the aging process, 
the redox state of peritoneal leukocytes from PAM has been 
studied, showing an oxidative stress situation. In the present 
work we have determined the levels of a key antioxidant, re-
duced glutathione (GSH), and the oxidant malondialdehyde 
(MDA), a marker of lipid peroxidation, both in the spleen and 
brain of male and female PAM and non-PAM (NPAM). We 
found that GSH and MDA are decreased and increased, re-
spectively, in PAM with respect to NPAM. Moreover, diet sup-
plementation with antioxidants showed to be an effective 
strategy for protection against early immune and behavioral 
decline, altered redox state of leukocytes and premature 
mortality in PAM, which supports the validity of this model 
of premature aging as well as its link with oxidative stress. 

 Copyright © 2007 S. Karger AG, Basel 

 Stress, Health and Disease:
The Psychoneuroendocrine-Immune Network 

 A correct function and adequate interactions between 
the 3 main regulatory systems, that is, the nervous, endo-
crine and immune system, that are mediated by cyto-
kines, hormones and neurotransmitters, are crucial for 
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 Abstract 
 The intensity of behavioral and neuroendocrine responses 
to stressful stimuli in rodent strains seems to be inversely 
related to their life span. We have previously shown that in-
terindividual differences in members of outbred Swiss and 
inbred BALB/c mouse populations, both male and female, 
may be related to their behavior in a simple T-maze test. The 
animals that explore the maze slowly show impaired neu-
romuscular vigor and coordination, decreased locomotor 
 activity, increased level of emotionality/anxiety, decreased 
levels of brain biogenic amines as well as immunosenes-
cence and decreased life span, when compared to their con-
trol counterparts, which quickly explore the maze. These 
traits are similar to some of the alterations previously ob-
served in aging animals and therefore we proposed that 
those ‘slow mice’ are biologically older than the fast animals 
and may be a model of prematurely aging mice (PAM). Al-
though most of our work on this model has been performed 
on chronologically adult-mature animals, we have also 
shown that certain characteristics of PAM, such as increased 
anxiety and deficient immune response, are already present 
in chronologically young animals. Thus, it is tempting to hy-
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health and therefore for   longevity. In this review we focus 
on 2 conditions, aging and stress, in which the neuroen-
docrine-immune communication becomes altered, re-
sulting in immune suppression and loss of homeostasis 
 [1, 2] . Aging has been associated with immunological 
changes (immunosenescence) including thymic involu-
tion, lower number of naive T cells, decrease in several 
cell immune functions and increase in others, and poor 
vaccination response to new antigens  [3, 4] . Moreover, the 
immune function is presently considered a good marker 
of health, longevity  [5]  and biological age  [4] . The immu-
nological changes observed in healthy aging may be 
closely related to both psychological distress and stress 
hormones. Particularly, the changes in cellular traffick-
ing as well as cell-mediated immunity observed in aging 
are similarly found following stress or chronic glucocor-
ticoid exposure  [2] . These data raise the question of 
whether mood disorders might be associated with accel-
erated aging. Indeed, there is evidence suggesting a link 
between chronic psychological stress, impaired immune 
function and a higher risk for several diseases  [6–9] . It has 
also been proposed that chronic stress associated with 
mood disorders may contribute to higher vulnerability to  
 diseases of aging such as cardiovascular disease and pos-
sibly some cancers through accelerated organismic aging 
 [10] . Epel et al.  [11]  have investigated the hypothesis that 
stress impairs health by modulating the rate of cellular 
aging. They reported that psychological stress – both per-
ceived stress and the chronicity of stress – is significantly 
associated with higher oxidative stress, lower telomerase 
activity and shorter telomere length, which are known 
determinants of cell senescence and longevity, in periph-
eral blood mononuclear cells from healthy premenopaus-
al women. In fact, recent work suggests that chronic 
mood disorders may contribute to an acceleration of the  
 aging process and provides a novel mechanistic explana-
tion contributing to the excessive age-related morbidity 
and mortality seen in mood disorders  [10] .

  A Model of Premature Aging in Mice 

 In view of the above we can hypothesize that psycho-
logical stress may lead to earlier onset of aging-related 
diseases and premature aging and that animal studies 
may be useful to test this hypothesis. The life span of ro-
dent strains appears to be inversely related to the inten-
sity of their behavioral and neuroendocrine responses to 
stressful stimuli. In particular, animals that exhibit im-
mobility or ‘freezing behavior’ (that is, high levels of anx-

iety) when placed in a new environment usually show a 
short life span. It has been proposed that hyperreactivity 
to stressors might be genetically linked to a shorter life 
span and accelerated age-dependent neurodegeneration 
 [12, 13] . Previous studies from our laboratory showed 
that interindividual differences in life span among mem-
bers of outbred Swiss mouse   populations may be related 
to their behavior in a simple T-maze test, with most mice 
which quickly explored the maze (fast mice) reaching a 
longer life span than mice that took longer to accomplish 
this task (slow mice)  [14, 15] . This slow performance was 
accompanied by an impaired immune function as re-
gards mobility of both macrophages and lymphocytes 
and lymphoproliferative response to the mitogen Con A 
in old female Swiss mice  [16] . The slow adult female mice 
also showed a worse peritoneal macrophage phagocytic 
activity than the fast animals  [17] . These findings led us 
to propose the slow mice as a model of immunosenes-
cence. Moreover, a slow performance in the T-maze was 
accompanied by a lower ability to perform in the tight-
rope test  [14] , a vigor and neuromuscular coordination 
marker  [18] . The use of a battery of behavioral tests in-
volving diverse stressful conditions allowed us a more 
complete behavioral characterization of fast and slow 
mice. Thus, slow mice showed decreased locomotor ac-
tivity and increased level of emotionality/anxiety in di-
verse standard behavioral tests (holeboard, open field 
and plus-maze), when compared to fast mice. The differ-
ences in their behavioral responses are compatible with 
an increased emotionality and a less adaptive response to 
stress in the slow animals  [19] . Thus, slow or hyperemo-
tional mice, in which immune and neurobehavioral func-
tions appeared to be impaired, emerged as a probable and 
useful model of premature aging. Accordingly, we pro-
posed that the slow mice are biologically older [prema-
turely aging mice (PAM)] than the fast animals [non-
PAM (NPAM)], and that PAM may be a model of prema-
ture aging. In more recent studies, we have observed that 
in peritoneal leukocytes from PAM the above-mentioned 
immune functions and others show values similar to 
those of chronologically older animals ( table 1 )  [14, 15, 
20–23] . Moreover, we also compared the monoaminergic 
systems of PAM with those of NPAM in discrete brain 
regions, that is hypothalamus, hippocampus, striatum, 
frontal cortex and midbrain. In order to investigate pos-
sible relationships between the behavioral and neuro-
chemical parameters, we have analyzed the brains of the 
same animals used in our previous behavioral study  [19] . 
PAM showed a number of modifications in their mono-
aminergic systems, which clearly resemble some of the 
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alterations previously reported for aging animals, and the 
altered brain biogenic amines of PAM appear to be re-
lated to their behavioral features  [24] . Thus, the neuro-
chemical characterization of PAM further supported the 
hypothesis that these mice may be considered a useful 
model of premature aging. Although most of our work on 
this model has been performed on chronologically adult-
mature animals, we have also shown that certain charac-
teristics of PAM, such as increased anxiety and deficient 
immune response, are already present in chronologically 
young animals. Moreover, PAM showed increased base-
line corticosterone and blunted stress response when 
compared to NPAM  [21] .

  The Role of Oxidative Stress 

 Progressive dysregulation of immune responses asso-
ciated with aging may be a result of increased oxidative 
stress  [4] . Accordingly, we have also evaluated certain pa-
rameters of oxidative stress in our animal model. In par-
ticular, we assessed the oxidative stress status of perito-
neal leukocytes from PAM in comparison to   NPAM, as 
well as the effects on oxidative stress of dietary supple-
mentation with biscuits rich in antioxidants  [23, 25] . We 
found that in the peritoneal leukocytes, the levels of sev-
eral parameters of oxidation and inflammation such as 
extracellular superoxide anion, prostaglandin E2, tu-
mor necrosis factor- !  (TNF- ! ), nitric oxide, oxidized 
glutathione (GSH), lipid peroxidation (malondialdehyde, 
MDA) and DNA oxidation (8-oxo,7,8-dehydro-2 " -deoxy-
guanosine) were higher in PAM than in NPAM, whereas 
the antioxidant defenses such as superoxide dismutase, 
catalase, GSH peroxidase and GSH reductase activities, 
as well as the reduced GSH levels, were decreased ( ta-
ble 1 ). Therefore,   PAM showed oxidative stress in their 
leukocytes that is characteristic for mice of an older 
chronological age  [4, 26] . This is another confirmation 
that PAM are biologically older, at the same chronologi-
cal age, than NPAM. Moreover, as indicated above, the 
life expectancy of PAM is lower than that of NPAM  [14, 
15, 20] . Therefore, not only the immune functions stud-
ied are good markers of biological age and longevity, but 
also the parameters of oxidative stress and damage that 
we have determined in leukocytes may represent useful 
biomarkers of aging  [4] . In addition, it is known that fe-
males live longer and produce less   oxidants than males 
 [27] . We have analyzed the levels of a very important an-
tioxidant (GSH) and of an oxidant and marker of lipid 
peroxidation (MDA) in the brain and spleen from female 

and male PAM and NPAM. The results show that in gen-
eral, GSH and MDA decreased and increased, respective-
ly, in PAM with respect to NPAM and in males with re-
spect to females, with these effects being more evident in 
the brain than the spleen ( fig. 1 ). Thus, subjects from a 
strain of mice with higher oxidative stress in the nervous 
and immune cells, such as PAM versus NPAM and males 
versus females, show worse neurochemical and behav-
ioral response to stress as well as worse immune cell func-
tions and, consequently, a shorter life expectancy.

  We also found that antioxidant diet supplementation 
was able to improve the immune functions as well as re-
store redox homeostasis, increasing the antioxidant and 
decreasing the oxidant levels in PAM ( table 1 )  [22, 23, 25, 
28, 29] . Moreover, antioxidant diet supplementation re-
verses age-related behavioral dysfunction in PAM  [30]  
and has been able to extend the life span of PAM (data in 
the process of publication).

Table 1. Changes in immune functions and oxidative stress pa-
rameters in peritoneal leukocytes from PAM versus NPAM and 
effects of a diet supplemented with antioxidants

PAM Anti-
oxidant
supple-
mentation

Immune functions
Adherence of macrophages and lymphocytes increase decrease 
Mobility of macrophages and lymphocytes decrease increase 
Phagocytosis capacity of macrophages decrease increase 
Intracellular superoxide anion and ROS decrease increase 
Lymphoproliferative response to mitogens decrease increase 
Natural killer activity decrease increase 
Interleukin-2 release decrease increase 

Oxidant and pro-inflammatory compounds
Extracellular superoxide anion increase decrease 
Oxidized glutathione increase decrease 
Oxidized/reduced glutathione increase decrease 
Tumor necrosis factor-! increase decrease 
Prostaglandin E2 increase decrease 
Nitric oxide increase decrease 

Antioxidant defenses
Reduced glutathione decrease increase 
Superoxide dismutase decrease increase 
Catalase decrease increase 
Glutathione peroxidase decrease increase 
Glutathione reductase decrease increase 

Oxidative damage
Malondialdehyde increase decrease 
8-oxo,7,8-dehydro-2"-deoxyguanosine increase decrease 
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  We have recently studied important lymphocyte and 
neutrophil functions, cytokine release, plasma cortisol 
and total antioxidant capacity in anxious women versus 
nonanxious controls of the same age. The results showed 
a deficient immune function in anxious women, that is 
diminished chemotaxis, phagocytosis, lymphoprolifera-
tion in response to phytohemagglutinin mitogen, natural 
killer activity and interleukin-2 release. Further they 
showed signs of oxidative stress such as increased super-

oxide anion levels and TNF- !  release. These changes are 
similar to those we have found in elderly women. The im-
paired immune function and cytokine release in anxious 
women might be related to their increased cortisol secre-
tion, which would lead to oxidative stress reflected in 
lowered total plasma antioxidant capacity  [31] . It is worth 
mentioning that the results obtained in this study resem-
ble those obtained when PAM (with increased levels of 
anxiety) are compared to NPAM of the same chronolog-
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  Fig. 1.  Histograms showing means  8  SD (n = 7 for each experimental group) of female and male NPAM and 
PAM (anxiety animals).  a  Brain GSH levels, statistically significant overall effect of gender and premature ag-
ing (anxiety, p  !  0.001).  b  Spleen GSH levels, significant overall effect of premature aging (anxiety, p  !  0.001). 
 c  Brain MDA levels, significant overall effect of gender and premature aging (anxiety, p  !  0.001).  d  Spleen MDA 
levels, significant overall effect of gender and premature aging (anxiety, p  !  0.05) ( d ). ANOVA and Tukey test. 
 *  p  !  0.05;  *  *  p  !  0.01;  *  *  *  p  !  0.001 vs. female NPAM;  +++  p  !  0.001 vs. female PAM; ° p  !  0.05; °° p  !  0.01 vs. 
male NPAM.   
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ical age. A recent study by Bouayed et al.  [32]  provides 
further support for a link between oxidative stress and 
anxiety. They studied the relationship between the level 
of intracellular reactive oxygen species in peripheral 
granulocytes and the anxiety level of mice determined 
using the behavioral light/dark choice test. The results 
indicated a linear and significant relationship between 
the intracellular redox status of peripheral blood granu-
locytes and different parameters of anxiety-related be-
havior. These findings suggest a positive relationship be-
tween peripheral oxidative status and level of anxiety in 
mice.

  Concluding Remarks 

 As pointed out by Bauer  [2] , because there are a num-
ber of similarities among age- and stress-related immu-
nological alterations, further studies on the role of stress 
factors on human immunosenescence are absolutely nec-

essary. Thus, the use of animal models such as the PAM 
model reviewed here appears to be of special interest. It 
is worth noting that this model may be particularly use-
ful, since it is based on naturally occurring phenotypes 
within mouse populations that are not submitted to any 
genetic manipulation or special selective breeding pro-
cess. This kind of ‘natural’ models may be particularly 
useful for identification of biological markers of physio-
logical aging. Unraveling the relationships between 
chronic stress (or perhaps more likely a diminished abil-
ity of coping with stressful situations) and accelerated bi-
ological aging may facilitate the introduction of adequate 
preventive and therapeutic strategies.
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dative stress, which has among its intracellular mechanisms 
the activation of NF- ! B in the leukocytes, affects all cells and 
especially those of the regulatory systems. Thus, we have 
proposed a key involvement of oxidative changes of the im-
mune system in aging. Accordingly, the administration of 
antioxidants improves both the nervous and immune func-
tions, decreasing their oxidative stress, and consequently 
there is a significant increase in longevity. 

 Copyright © 2008 S. Karger AG, Basel 

 Main Characteristics of the Aging Process and 
Theories of Aging 

 For elucidation of the role of the immune system (IS) 
and neuroimmunomodulation in the aging process, it is 
essential to understand the mechanisms of this process. 
Aging may be defined as a degenerative process that pro-
gressively deteriorates biological systems, with irrevers-
ible accumulation of adverse changes and increased vul-
nerability to disease and finally to death. Thus, although 
aging should not be considered a disease, it strongly in-
creases the chances of suffering many degenerative dis-
eases. The understanding of the aging process has been 
improved by the enunciation by Strehler  [1]  of the so-
called 4 rules of aging. They state that aging is universal, 
progressive, intrinsic and deleterious. The concept of the 
universality of aging can be applied to practically all an-

 Key Words 
 Aging  !  Biological age  !  Immunosenescence  !  
Neuroimmunomodulation  !  Oxidation-inflammation 
theory  !  Phagocytic cells  !  Antioxidants 

 Abstract 
 Aging is accompanied by an impairment of the physiological 
systems including the nervous, endocrine and immune sys-
tems, as well as of the nervous-immune communication. 
This impairment could explain the loss of homeostasis as 
well as the increased morbidity and mortality that appear 
with age. In the context of neuroimmunomodulation, it is 
now accepted that the age-related impairment of immune 
functions is the cause of the increased vulnerability to infec-
tion, cancer and autoimmune diseases of aged animals. 
Moreover, since the functional capacity of the immune cells 
has been proposed as a marker of health, our group, using 
mice with premature senescence, long-lived mice and hu-
man centenarians, has ascertained that several immune 
functions are good markers of biological age and predictors 
of longevity. Surprisingly, although there is presently consid-
erable research on the changes of the immune system with 
age, denominated immunosenescence, the data supporting 
the role of this system in aging are very scarce. With aging, 
the immune cells show an increase in oxidant and inflamma-
tory compounds and a decrease in antioxidant defenses, 
which is more evident in phagocytic cells. This chronic oxi-
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imal species, including the metazoans showing sexual re-
production. Aging is a progressive process and its rate is 
approximately similar at different ages. Aging is an in-
trinsic process since, even if animals are exposed to opti-
mal environmental conditions throughout life, they still 
experience the aging process at the rate characteristic for 
their species. Aging is obviously detrimental to the indi-
viduals since with increasing age, molecular and cellular 
deterioration leads to declines in maximal tissue func-
tions, thus decreasing homeostasis and capacity to adap-
tively react to stress. However, at the species level, the 
detrimental character of aging could be argued as it is 
counteracted by a continuous replacement of the mem-
bers of the population.

  Presently, human aging is a serious problem in devel-
oped countries because the mean life span in these coun-
tries is very high (75–83 years). Since we start aging at 
about 18 years of age we spend most of our life aging. This 
aging process is finished at the end of the maximum life 
span, that for instance in human subjects may reach about 
122 years, whereas in some laboratory mouse and rat 
strains it is only 3 and 4 years, respectively. Maximum 
longevity is the longest time that a member of a population 
or species can live. In addition, mean longevity is the mean 
length of time that the members of a population live. We 
can increase the mean life span by factors of life-style that 
contribute to maintain good health and approach maxi-
mum life span in good conditions. However, presently it 
is impossible to increase the maximum life span.

  The key questions of gerontology are: How does aging 
happen? Where does aging start? Why does aging occur? 
A great number of theories have dealt with these ques-
tions, justifying the cynical comment that there are as 
many theories of aging as there are gerontologists. In-
deed, more than 300 theories have been proposed to ex-
plain the process of aging  [2] , although it is possible to 
consider only 2 types of theories to which they belong. 
Thus, the 2 fundamental ways by which age changes can 
occur are (1) as the result of a purposeful program driven 
by the genes (as proposed by the genetic program theo-
ries) or (2) as events that are not guided by a program but 
are stochastic or random events (epigenetic theories). 
Presently, despite the claims to the contrary of many re-
searchers, there is no conclusive evidence that genes di-
rectly drive the age changes. Therefore, it seems that the 
aging process, which appears after reproductive matura-
tion, is caused by random events and is not genetically 
programmed  [3] .

  According to the epigenetic theories, the basis of aging 
is a great number of changes that affect morphology, 

physiology and behavior at all levels of organization, 
namely molecular, cellular, tissue, organic and that of the 
whole subject. Among the epigenetic theories the neuro-
endocrine and the immunological theories of aging stand 
out. The crucial role of the nervous and endocrine sys-
tems in our life is evident, and so is the unquestionable 
importance of the IS, but the theories focusing on these 
physiological systems, as they were published, do not fol-
low the universality rule, since not all animal species have 
complex immune and neuroendocrine systems like mam-
mals. Among all gerontological theories, the free radical 
concept proposed by Harman  [4]  attracts a lot of atten-
tion and is probably the most widely accepted to explain 
how the aging process functions. This theory, which was 
further developed by Miquel et al.  [5–7]  and others  [8, 9] , 
proposes that aging is the result of damage accumulation 
(by deleterious oxidation) in biomolecules, caused by the 
high reactivity of the free radicals and reactive oxygen 
species (ROS) produced in our cells as a result of the use 
of oxygen. Since oxygen is mainly used in cell respiration 
to support the life-maintaining metabolic processes, the 
mitochondria, and more concretely their DNA (mtDNA), 
are probably the first targets of this oxidation. As first 
pointed out by Miquel et al.  [5–7] , it is in the postmitotic 
cells that cannot fully regenerate those organelles where 
the aging process starts. Moreover, it is worth noting that 
the rate of mitochondrial oxygen radical generation, as 
well as the degree of membrane fatty acid unsaturation 
and oxidative damage to mtDNA are lower in long-living 
than in short-living species  [10] . In essence, the mito-
chondrial damage caused by free radicals results in a loss 
of bioenergetic competence that leads to aging and death 
of cells and therefore of the organism  [6, 7] . The cells, in 
order to protect themselves against oxygen toxicity, have 
developed a variety of antioxidant mechanisms that pre-
vent the formation of ROS or neutralize them after they 
are produced. However, these defensive systems are not 
perfect, and thus when the formation of ROS exceeds the 
antioxidant protection, there is an oxidative stress with 
resulting cell injury  [11] . Despite the above, we should 
consider that oxygen is essential for aerobic life and that 
ROS, at certain levels, are needed for many life-support-
ing physiological processes  [12] . Therefore, an optimal 
function of the organism is based on a perfect balance 
between the levels of ROS and those of antioxidants. It is 
the loss of this balance, resulting from irreversible cell 
differentiation, with impaired mitochondrial regenera-
tion through normal organelle turnover, that is the most 
probable mechanism of aging. This concept that high-
lights the genetic damage of mitochondria as the first-
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step target of the ROS attack, has been presented as the 
missing link that justifies the proposal of a theory that 
integrates early concepts which offer a partial explana-
tion of the mechanism of aging  [13–15] .

  We feel that the reviewed theoretical concepts and ex-
perimental data provide answers to the above-mentioned 
key questions. Thus, it seems that the ‘how’ of aging is 
related to uncontrolled oxidative processes, the ‘where’, 
at least its beginning, is probably linked to mtDNA dam-
age and ‘why’ organisms age is satisfactorily explained by 
the species evolution theories of aging. Thus, we agree 
with the concept of Williams  [16]  that senescence is the 
result of genes that program maximal vigor at the age of 
reproduction, but with the passage of time trigger cellular 
and organ degeneration. The resulting loss of bioener-
getic competence and physiological performance is in-
volved in the senescence and death of the members of the 
metazoan species, the genes of which, housed in a series 
of ‘disposable somas’  [17] , have an unlimited survival in 
their normal habitat thanks to sexual reproduction.

  Biological Age 

 The aging process is very heterogeneous. Thus, it is 
well known that the molecular and cellular disorganiza-
tion as well as the decrease in physiological performance 
associated with aging do not proceed at the same rate in 
all members of a population of the same chronological 
age. This justifies the introduction of the concept of ‘bio-
logical age’ or ‘functional age’. This concept, first intro-
duced by insurance companies and experts in aviation 
medicine of the USA, is useful to assess the level of aging 
experienced by each subject and therefore his life expec-
tancy. In order to determine the biological age, a number 
of parameters should be determined. Aging is associated 
with a great number of changes at all levels of biological 
organization, influencing in different ways the several 
physiological systems of the members of different species 
as well as of the diverse individuals of each species. There-
fore, it is convenient to select a number of biochemical, 
physiological and psychological parameters that change 
with age and can be useful as biomarkers of aging, reveal-
ing the level of senescence suffered by the physiological 
systems of a particular subject and therefore the relations 
between biological age, chronological age, health loss and 
life expectancy.

  The most complete investigation on biological age was 
performed by Borkan and Norris  [18]  on over 1,000 men 
in the longitudinal study on human ageing of the Geron-

tological Center of Baltimore. The retrospective analysis 
of this study showed that subjects presenting certain pa-
rameters that were ‘more aged’ than those found in the 
majority of subjects of the same chronological age had a 
shorter life expectancy. These biomarkers include those 
related to respiratory function, systolic arterial tension 
and reaction times determined by psychometric tests. 
Most research on biological age, such as the Baltimore 
study, did not include immune parameters, which pres-
ently are considered essential and very representative of 
the true biological age of a subject. Thus, a positive rela-
tion between a good function of the T cells, the natural 
killer (NK) cells and phagocytic cells and longevity has 
been shown  [19–24] .

  Immunosenescence 

 As mentioned above, aging is accompanied by a de-
cline of the physiological systems including the immune 
functions. In fact, it is well known that with the passage 
of time there is a decrease in resistance to infections as 
well as an increase in autoimmune processes and cancer, 
which indicates the presence of a less competent IS. More-
over, the increased death rate found in aged populations 
is due in great proportion to infectious processes  [25] . 
The impairment of the IS with age, that is, immunosenes-
cence, exerts a great influence on the increasing morbid-
ity and mortality observed in aging human subjects  [26] . 
In view of the key role of an optimal immune function in 
the preservation of health, it seems logical that one of the 
theories on the cause(s) of aging, namely the immuno-
logical theory, maintains that the responsibility for the 
changes that take place in the organism with the passage 
of time lies in the impairment of the IS  [27] . Nevertheless, 
despite the fast-increasing amount of data on immunose-
nescence  [28, 29] , the changes in the immune functions 
with age and particularly the specific role played by the 
IS in aging of the organisms are not wholly understood.

  The immune cells change their functional competence 
with aging, but not all immune cell types or all functions 
of an immune cell show a significant impairment. In fact, 
several cell types and functions of a cell are more activat-
ed with age, whereas others do not show significant age-
related changes. Presently, although there are conflicting 
observations on this subject, it is accepted that almost ev-
ery component of the IS undergoes striking age-associ-
ated restructuring, leading to changes that may include 
enhanced as well as diminished functions, involving each 
component of the IS, as well as their interactions    [24, 28–
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30] . Thus, although the most pronounced decrease with 
age has been found in the specific T cell functions  [28]  and 
the age-related alterations of phagocyte cell functions 
have been less studied and the results obtained are often 
contradictory  [31, 32] , these cells also show a significant 
decrease in several of their functions  [23, 24] .

  The Psychoneuroendocrine-Immune Network and 
the Loss of Homeostasis in Aging 

 We know that there is a neuroendocrine-immune sys-
tem that allows the preservation of homeostasis and 
therefore of health  [33, 34] . With age, all regulatory sys-
tems involved in homeostasis, that is, the nervous system, 
the endocrine system and the IS, as well as the commu-
nication between them, show an impairment  [35] . This 
important observation justified the proposal of another 
theory of aging, according to which the changes in this 
communication between the IS and the nervous system 
(and concomitant loss of homeostasis and resistance to 
stress) is the probable cause of physiological senescence 
 [36] . Recent studies of our group support this hypothesis 
 [37, 38]  as well as the idea that the impairment of the IS 
with aging could affect the functions of the other regula-
tory systems through increased oxidative stress, resulting 
in age-related homeostasis alteration and increase in 
morbidity as well as mortality  [30] .

  In relation with the above, an inadequate response to 
stress is one of the conditions leading to an acceleration of 
aging accompanied by poor health of the IS and other 
physiological systems  [39] . Thus, our group has shown re-
cently that mice exposed to the stressful condition of iso-
lation have behavioral responses that reveal an impair-
ment of cognition, a certain degree of depression and a 
more evident immunosenescence than control animals of 
the same age housed in groups [unpubl. data]. Likewise, 
human subjects suffering chronic anxiety  [40]  or depres-
sion show a significant premature immunosenescence. It 
is known that changes in the density of innervation as well 
as in the neurotransmitter content of lymphoid tissues oc-
cur with aging. Thus, the sympathetic innervation as well 
as the concentration of norepinephrine decrease in spleen 
and lymph nodes with age, while as a compensatory mech-
anism the expression of  " -adrenergic receptors on the im-
mune cells increases with age. It is difficult to determine 
whether with aging neural changes induce immunologi-
cal changes, whether an altered IS induces nervous chang-
es or whether both processes occur simultaneously, which 
is the most likely mechanism according to some authors 

 [35] . In addition, we have observed that the in vitro re-
sponse of immune cells to a wide range of neurotransmit-
ter concentrations changes with the age of the subject  [37] , 
which demonstrates that although the levels of neuro-
transmitters that contact with the immune cells are main-
tained with age, the response of the cells of the IS to them 
would be different.

  The IS as a Marker of Biological Age and Predictor of 
Longevity: Research on a Model of Premature Aging 
in Mice, in Very Long-Living Mice and in Human 
Centenarians 

 It has been demonstrated that the competence of the 
IS is an excellent marker of health  [26]  and several age 
changes in immune functions have been related to lon-
gevity  [19–24] . Based on the above, our group decided to 
assess if some immune functions could be useful as mark-
ers of biological age or as biomarkers and therefore as 
predictors of longevity. We felt that this project was 
worthwhile, since biological age is a more adequate pa-
rameter than chronological age to measure the rate of ag-
ing of a subject, although very seldom the proposed bat-
teries of biomarkers have included immune functions.

  Among all functions of immune cells, we have focused 
on those listed in  table 1 . In lymphocytes, we focused on 
their ability to adhere to the vascular endothelia, migrate 
towards the site of antigen recognition (chemotaxis), pro-
liferate in response to mitogens and release cytokines 
such as IL-2. In phagocytes, we concentrated on the pro-
cess of adherence to tissues, chemotaxis, ingestion or 
phagocytosis of foreign particles and destruction of 
pathogens by means of the intracellular production of 
free radicals such as the superoxide anion and other ROS 
located in the phagosome of these cells. In this process of 
phagocytosis, free radicals can be released to the extra-
cellular space with concomitant damage to the structure 
of phagocytes and neighboring tissues. Further, in the 
NK cells we have analyzed their capacity to destroy tu-
moral cells of the same animal species investigated. The 
same parameters have been determined in the various 
decades of life of human subjects from the adult age of 20 
until 80, in leukocytes of peripheral blood, and through-
out the life of mice in their peritoneal leukocytes. This 
type of longitudinal studies, which despite their high cost 
can be carried out on mice (that have a mean life span of 
2 years), is almost impossible to perform on human sub-
jects. Surprisingly, our results have shown that in the 
members of both species similar age-related changes of 
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the above-mentioned immune parameters take place. 
Thus, with aging, there is a decrease in the functions that 
are more beneficial, such as the lymphoproliferative re-
sponse or the NK activity that protect us against tumoral 
cells. There is also a decline in IL-2, that regulates the two 
mentioned functions, as well as the chemotaxis, phago-
cytosis and adequate levels of ROS in the phagosomes. 
On the other hand, there is an increase in the functions 
that could become noxious, if active in excess, such as 
those promoting adherence of immune cells to tissue, 
maybe preventing their arrival to the site where they have 
to perform their organism-protecting task. Furthermore, 
there is an increase with age in other potentially harmful 
immune functions that will be dealt with below, such as 
the extracellular release of the superoxide anion and pro-
inflammatory cytokines like TNF- #  ( table 1 )  [24, 30] .

  Obviously, in order to identify the above parameters 
as markers of biological age and predictors of longevity, 
we need to demonstrate that the values they show in a 
particular subject reveal their real health and senescent 
conditions. This has been achieved in the following two 
ways: (1) ascertaining that the individuals with an IS 
 older than that of most subjects of the same popula-
tion, sex and chronological age died before their counter-
parts with a less impaired (younger) immune function 
and (2) confirming that the subjects reaching a very ad-
vanced age preserve the immune functions at levels sim-
ilar to those of the adults.

  Further support for the key role of immunocompe-
tence on the rate of aging, biological age and longevity has 
been gained by our group in a model of premature senes-
cence in mice. Thus, in mice showing premature aging 
we have observed that the above-mentioned immune 
functions performed at the levels characteristic of older 
mice. In fact, the animals that we have denominated PAM 
(prematurely aging mice), in contrast to the NPAM (non-
prematurely aging mice) of the same population, sex and 
chronological age, are identified by its poor response in a 
simple T maze exploration test. This provides strong sup-
port for the concept that the nervous system and the IS 
are closely linked. In addition to a more significant im-
munosenescence, the PAM showed high levels of anxiety 
and a brain neurochemistry characteristic of older ani-
mals. Nevertheless, the most convincing evidence that 
the above-mentioned parameters are useful markers of 
biological age is that the PAM showed a shorter life span 
than their counterpart NPAM of the same age, sex and 
chronological age ( table 1 )  [21–23, 41] .

  An additional way to confirm the key role of the IS in 
health and longevity is the finding that human subjects 

who reach a very advanced age show a satisfactory im-
munocompetence, at a level similar to that of the adults. 
Accordingly, our group has ascertained that in healthy 
centenarians the immune functions summarized above 
perform as well as in young adults (30 years old) and 
much better than in 70-year-old human subjects [unpubl. 
data]. A similar finding of ‘youthful’ conditions has been 
obtained on peritoneal immune cells of very long-living 
mice [ 38 , unpubl. data].

  All the above results confirm that the IS is a good 
marker of biological age and predictor of longevity.

  Why Does Immunosenescence Occur? The Role of 
Oxidative Stress 

 If, as is generally accepted, the mechanisms that un-
derlie aging must be of general application, it seems logi-
cal to accept that the cause of immunosenescence is the 

Table 1. Changes in immune functions and oxidative stress pa-
rameters in peritoneal leukocytes from old mice versus adults and 
PAM versus NPAM; effects of a diet supplemented with antioxi-
dants in old mice and in PAM

Old mice
and PAM

Antioxidant 
supplemen-
tation

Immune functions
Adherence of macrophages and lymphocytes increase decrease 
Mobility of macrophages and lymphocytes decrease increase 
Phagocytosis capacity of macrophages decrease increase 
Intracellular superoxide anion and ROS decrease increase 
Lymphoproliferative response to mitogens decrease increase 
NK cell activity decrease increase 
IL-2 release decrease increase 

Oxidant and pro-inflammatory compounds
Extracellular superoxide anion increase decrease 
Oxidized glutathione increase decrease 
Oxidized glutathione/GSH increase decrease 
TNF-# increase decrease 
PGE2 increase decrease 
Nitric oxide increase decrease 

Antioxidant defenses
GSH decrease increase 
Superoxide dismutase decrease increase 
Catalase decrease increase 
Glutathione peroxidase decrease increase 
Glutathione reductase decrease increase 

Oxidative damage
Malondialdehyde increase decrease 
8oxo-7,8dihydro-2deoxiguanosine increase decrease 
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same responsible for the senescence of the other cells of 
the organism, namely the oxidative disorganization 
linked to the unavoidable use of oxygen to support cel-
lular functions. Further, we should remember that the 
immune cells need to produce free radicals and other ox-
idant and inflammatory compounds in order to perform 
some of their defensive functions, and this, together with 
their membrane characteristics, makes them very vul-
nerable to oxidative damage  [12, 24, 30] . Therefore, if any 
cell needs to maintain a balance between the production 
of oxidants and the antioxidant defense in order to pre-
vent an excess of the first and the resulting oxidative 

stress, this balance is even more essential to preserve the 
functional capacity of leukocytes and, consequently, the 
health of the organism.

  Based on the above, our group decided to investigate 
the age-related changes in the redox state of immune 
cells. Thus, we have analyzed in peritoneal immune cells 
of mice a variety of oxidant and inflammatory com-
pounds (extracellular superoxide anion oxidized gluta-
thione, TNF- # , PGE2) and antioxidant protectors, name-
ly reduced glutathione (GSH), glutathione peroxidase, 
glutathione reductase, superoxide dismutase and cata-
lase, as well as oxidative damage to biomolecules such as 
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  Fig. 1.  A more developed scheme of the oxidation-inflammation 
theory than that published previously  [30] . Aging is a chronic ox-
idative stress condition (presence of more oxidant than antioxi-
dant compounds) affecting all cells, especially those of the regula-
tory systems, that is, the nervous system, the endocrine system 
and the IS, and therefore the communication among them. This 
explains the impaired homeostasis and the increase in morbidity 
and mortality found in old age. According to the oxidative mito-
chondrial theory of aging, the cells of the nervous system, which 
are postmitotic, are the first to suffer damage with age. In animals 
with a complex IS, the T lymphocytes, and especially the memory 
T cells (most T cells in aged subjects and besides the most post-
mitotic cells of the IS), suffer the effects of the oxidative stress of 
aging. In the age-associated restructuring of the immune cells or 
immunosenescence, there is a decrease in several lymphocyte and 
phagocyte functions (more related to the acquired immunity), but 
an increase in other functions, specially those carried out by 

phagocytic cells generating continuously oxidative and inflam-
matory compounds (cells and functions responsible for the innate 
immunity and present in all animals). These compounds, pro-
duced in order to eliminate foreign agents, could activate the tran-
scription factor NF- ! B, which after reaching a certain level of 
activation stimulates the expression of genes programming the 
production of higher amounts of those compounds. If this fact is 
not well regulated, a vicious circle of oxidation-inflammation 
could be established, which would increase the oxidative stress 
and consequently accelerate aging. Thus, we could conclude that 
in all animal species, the immune cells modulate the rate of aging 
of each subject. In agreement with this concept, the administra-
tion of antioxidants has been shown to break the above-men-
tioned vicious circle, improving both the nervous and immune 
functions, decreasing their oxidative stress, and consequently im-
proving homeostasis and increasing longevity. 
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lipids and DNA ( table 1 ). Our results indicate that aging 
leukocytes suffer oxidative stress, resulting in higher lev-
els of the parameters of oxidation and inflammation, 
 decreased antioxidant defense and increased oxidative 
damage to lipids and DNA ( table 1 )  [30] . Increased oxida-
tive stress has also been found in the immune cells of 
PAM with respect to those of NPAM, and in the leuko-
cytes of male mice with respect to those of female mice  
  [41] . Further, very long-living mice and human centenar-
ians show a redox condition in their immune cells similar 
to that of healthy adult subjects [unpubl. data].

  Role of the IS and Neuroimmunomodulation in the 
Aging Process: A Hypothesis and Several Examples 
Supporting this Role 

 On the basis of the above results showing an age-re-
lated increase in oxidant and pro-inflammatory com-
pounds, we have proposed a new theory of aging, the 
oxidation-inflammation theory in which the IS would 
play a key role in aging  [30] . Although all cells of the or-
ganism are exposed to chronic oxidative stress with ag-
ing, those of the regulatory systems, that is, the nervous 
system, endocrine system and IS, would show the great-
est oxidative damage and, being unable to preserve their 
redox balance, would suffer functional losses incompat-
ible with an adequate preservation of homeostasis, with 
a resulting increase in morbidity and mortality like that 
found in old age. In addition, our IS, because of its need 
to continuously generate oxidative and inflammatory 
compounds, could activate the transcription factor NF-
 ! B, which after reaching a certain level of activation 
stimulates the expression of genes programming the 
production of higher amounts of those compounds. In 
fact, recent research from our group has shown that NF-
 ! B is quite active in the leukocytes of aged subjects in 
contrast to its lack of activation in the adults and indi-
viduals with great longevity. Further, the level of activa-
tion of this factor in leukocytes is significantly related to 
the life expectancy of the subject from which the cells 
were obtained [unpubl. data]. Thus, it is likely that if the 
production of oxidative and inflammatory compounds 
is not well controlled, the organism may enter a vicious 
circle in which the great amount of oxidant and inflam-
matory compounds produced by the IS would activate 
even more the further production of the same noxious 
compounds by factors such as the above-mentioned NF-
 ! B. If this harmful circle is not well controlled, the IS-
noxious compounds would not only disorganize the im-

mune cells with the passage of time, but also all other 
cells of the organism, especially the nervous cells, as a 
consequence of the immune-nervous communication, 
thus contributing to maintain its chronic oxidative stress 
( fig. 1 )  [30] . In view of all the above, it seems evident that 
the IS can play a role in the uncontrolled oxidation pro-
cess linked to aging. In fact, as we have already noted, the 
human centenarians and the laboratory mice with a high 
mean life expectancy are those that better maintain the 
redox state of their immune cells and therefore their im-
mune functions [ 38 , unpubl. data]. Interestingly, in our 
mouse model of premature aging, the PAM, with a short-
er life span than the NPAM, show a greater oxidative 
stress not only in their IS, but also in the brain, liver, 
heart and kidney  [41] . Moreover, in the mammalian spe-
cies, the females, that have better immune functions 
than the males  [42] , also have a longer mean life span 
owing to the effects of the estrogens that allow them to 
live in a less oxidized condition  [43] , as reflected in the 
better redox state of their leukocytes [unpubl. data]. 
Thus, there is a relation between the redox state of the 
immune cells, their functional capacity and the life span 
of the subject ( fig. 2 ).

  It is well known that from the moment we are born, 
our IS has to face a great variety of foreign agents and, in 
order to protect the organism against them, needs to re-
lease toxic oxidant and inflammatory compounds. An 

Higher oxidative stress in leukocytes

Worse function of leukocytes

Lower longevity of the subjects with these
leukocytes

Examples

(1) PAM versus NPAM:
      PAM j higher oxidative stress in leukocytes than in
      NPAM j worse function of leukocytes than in NPAM j
                         lower longevity

(2) Males versus females:
      males j higher oxidative stress in leukocytes than
      females j worse function of leukocytes than in 
      females j lower longevity

  Fig. 2.  Relation of the oxidative state of leukocytes, their function 
and the longevity of the subjects. 
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adequate production of these noxious products is needed 
to increase the probability that a subject survives to reach 
the age of reproduction, which is essential for survival of 
the species. Obviously, the IS has not been designed by 
evolution to preserve their defensive functions in subjects 
that show exceptionally long life spans. This may be quite 
evident in the members of the human species living in 
developed countries which show considerable increases 
in their mean life span. This evolution-related view of im-
munosenescence  [44]  could explain why the acquired im-
munocompetence, which is more specialized and ob-
tained more recently in evolution, is most impaired with 
age, whereas the innate immune response, older and less 
specific, is better preserved and may be even stimulated 
in excess in aging organisms ( fig. 1 )  [45] . As it happens 
with oxygen use, which allows a very active life-style but 
has as its side effect the production of noxious ROS, a very 
active IS is designed to provide protection against the risk 
of contracting infections and tumors to which we are 
chronically exposed. However, this has a price, that is, if 
the oxygen-supported functions and resulting stress are 
not well controlled or the aging organism lacks a satisfac-
tory individual adaptation to this stress, the senescent 
process accelerates.

  Based on the above, ‘the immune theory of ageing’ as 
originally proposed  [27] , cannot be accepted, since this 
theory suggested as the cause of organism senescence the 
impairment of the IS, a concept that does not follow the 
principle of universality of Strehler  [1] . We should keep 
in mind that not all animal species have an IS as complex 
as that of the mammals. Nevertheless, it seems evident, 
based on the above information, that the leukocytes play 
a fundamental role in aging. Confirmation of this con-
cept could be found in the fact that the immune cells pro-
ducing oxidant and inflammatory compounds in the 
highest amounts are those responsible for the innate im-
munity, especially the phagocytic cells which are found 
in all animals, including the invertebrates which lack an 
acquired immunity based on the presence and function 
of lymphocytes ( fig. 1 ). In agreement with the above, we 
have observed ( fig. 3 ) that in the peritoneal immune cell 
population of mice the macrophages are the immune 
cells responsible for the generation of the higher levels of 
oxidant compounds (malondialdehyde and oxidized glu-
tathione levels are shown in  fig. 3 ) than that caused by 
lymphocytes, and these levels significantly increase with 
age in those phagocytic cells. Thus, it is probable that the 
macrophages, which, as already pointed out, are found in 
all animals, are implicated in the chronic oxidative stress 
of senescence due to their high age-related increase in the 
production of ROS and inflammatory cytokines ( table 1 ; 
 fig. 1 )  [30, 32, 46] . Thus, we could conclude that in all 
animal species the immune cells modulate the rate of ag-
ing of each subject.

  Compatibility and Integration of the Oxidative-
Mitochondrial and the Oxidation-Inflammation 
Theories of Aging 

 In view of the convenience of attempts to integrate 
compatible and complementary concepts on the mecha-
nisms of aging at the various levels of biological organiza-
tion  [2, 6, 47] , it seems opportune to consider if the above 
summarized oxidation-inflammation theory is compat-
ible with the concept of the oxygen stress-mitochondrial 
genetic injury (or oxidative-mitochondrial theory) pro-
posed by Miquel’s group  [5–7, 13–14]  and updated in a 
recent revision by Viña et al.  [15] . In agreement with the 
above, it is logical to accept that the oxygen stress due to 
the generation of ROS in immune cells in order to sup-
port their functions (especially the ROS produced in the 
cytoplasmic membranes of phagocytes) is involved in the 
senescent dysfunction of these cells. In addition, the oxi-

G
SS

G
(p

m
ol

/g
 p

ro
te

in
)

140

280

420

560

700 *

B lymphocytesa

Macrophages

Macrophages

M
D

A
(p

m
ol

/1
06  

ce
lls

)

25

0

Adult mice Old mice

50

75

100 *

B lymphocytes
b

+

  Fig. 3.  Levels of oxidized glutathione (GSSG;  a ) and malondialde-
hyde (MDA;  b ) in isolated macrophages and B lymphocytes of 
peritoneal suspensions from adult and old mice.  *  p  !  0.05 with 
respect to the corresponding values in adult animals;  +  p  !  0.05 
with respect to the corresponding values in macrophages. 
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dative stress linked to the production of ATP in mito-
chondria may contribute to the senescent involution of at 
least one type of immune cells, namely the T lympho-
cytes, especially the memory T cells that can survive for 
a long time in the postmitotic condition like the fixed 
postmitotic cells of the nervous and endocrine systems, 
which are affected by mitochondrial damage. Moreover, 
an increase in memory T cells and a decrease in the rela-
tive proportion of naïve T cells occur with advancing age. 
In addition, it is interesting to remember that the secre-
tions of the cells of those systems, that is, neurotransmit-
ters and hormones, modulate the immune functions and 
this modulation changes with age  [35] .

  In agreement with the above, an electron-microscopic 
study by our group has shown that the lymphocytes from 
aged mice accumulate abundant granules of lipofuscin 
( fig. 1 ), a pigment that is the end product of the oxidative 
disorganization and autodigestion of mitochondria  [48] . 
Therefore, we can conclude that the oxidation-inflam-
mation and the oxidative-mitochondrial theories can be 
integrated in order to gain a better understanding of the 
subcellular and cellular mechanisms of senescence of the 
IS, which, like other physiological systems, relies on a 
symbiosis of often-dividing and fixed postmitotic cells. 
In our opinion, this new integration of two theories may 
allow a better understanding of the key role played by the 
two above-mentioned kinds of oxygen stress (of cytoplas-
mic membrane or mitochondrial origin) in the aging of 
both the neuroimmune-endocrine network and the or-
ganism ( fig. 1 ).

  Strategies to Revitalize the Immune Function 
and the Neural-Immune Interaction in Aging: 
Confirmation of the Oxidation-Inflammation Theory 

 The above theory can be supported by research show-
ing that a regulation of the IS and of the nervous system 
by strategies of life-style allowing to break the vicious cir-
cle of oxidation-inflammation injury could result in in-
creased longevity.

  The ingestion of a diet enriched with antioxidants 
seems adequate for maintaining an optimum redox bal-
ance and therefore protecting the aging organism against 
oxygen stress. Thus, in both laboratory animals and hu-
man subjects, the administration of compounds such as 
vitamins C and E, polyphenols and thiolic antioxidants 
such as taurine, thioproline and N-acetylcysteine, which 
are precursors of GSH, either in isolation or in nutrition-
al formulations containing several compounds, may be 

recommended because of their antioxidant and anti-in-
flammatory action. In fact, those antioxidants show im-
portant favorable effects on health, acting on the nervous 
system and the IS  [49–52] . In addition, in the perfor-
mance of their function, the leukocytes may exhaust their 
reserves of antioxidants  [53] . This could help to explain 
why in both laboratory animals and human subjects the 
homeostasis-linked functional competence of the IS in 
the adult age improves after diet supplementation with 
appropriate amounts of antioxidants such as vitamins C 
and E, thiol antioxidants and polyphenols  [54, 55] . More-
over, our research has shown that in elderly men and 
women, in chronologically old control mice and in PAM, 
the above antioxidant compounds exert a favorable ef-
fect, improving the functional capacity of the IS as well 
as neutralizing the redox state, leaving them at levels sim-
ilar to those of human adults and nonprematurely aging 
healthy adult mice ( table 1 )  [24, 30, 41, 50–52, 56] . In fact, 
our group has observed that the lymphocytes from old 
mice after ingestion of a diet supplemented with thiol an-
tioxidants did not show the lipofuscin pigments present 
in control animals.

  Since the favorable action of the antioxidants on the IS 
is expressed in an increase in the functions that are de-
pressed and a decrease in those that are excessively active, 
the antioxidants cannot be considered general immuno-
stimulants. In fact they may bring each immune function 
and redox state to its optimum, thus acting as immuno-
modulators  [57] . This modulating ability appears to be 
focused at the level of the ubiquitous intracellular factors 
implicated in oxidation and inflammation, such as NF-
 ! B  [58] . This regulatory role of the antioxidants would be 
performed not only in the IS, but also in the other regula-
tory systems, including the nervous system, in which the 
oxidative stress also underlies its senescent impairment. 
Thus, as a matter of fact, it is accepted that the antioxi-
dants play a role in the recovery of a great number of ner-
vous functions  [9] . Moreover, in the PAM, the ingestion 
of thiolic antioxidants not only improves the immune 
function, but also the behavioral response  [41, 59] . More-
over, interestingly, this immune rejuvenation as well as 
the improvement of the nervous system are apparent in 
the laboratory mice showing the greatest longevity  [30] . 
A possible explanation is that since all cell functions de-
pend to a high degree on the redox reactions of the thiol 
compounds, the preservation of adequate levels of GSH 
or of other thiolic compounds during aging is essential 
for an adequate activity of cells in general and especially 
for those of the nervous system and the IS, and therefore 
for the health of the aging subjects. In fact, it has been 
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shown that the organelles and cells of the aged animals 
contain less GSH than those of the young, and this de-
crease becomes more striking at the age when mortality 
shows a marked increase. Thus, the administration of 
GSH, because of its protective effect against the oxidative 
stress of the mtDNA and GSH loss in these organelles 
with age, is able to increase life expectancy in laboratory 
animals  [60] .

  This suggests that the oxidative stress that appears to 
play a fundamental role in the aging of both the IS and 
the nervous system, can be counteracted to a certain de-
gree by antioxidant administration and that antioxidant 
diet supplementation may be a useful procedure to neu-
tralize or retard the age-related homeostatic impairment 
( fig. 1 ). In view of the above it seems reasonable to pro-
pose that the administration of antioxidant compounds, 
in adequate amounts, may be effective to neutralize or 
slow down the loss of homeostasis that occurs with age.

  Concluding Remarks 

 The IS in the context of neuroimmune communica-
tion plays a key role in the preservation of health and lon-
gevity of animals and human subjects and, if its regula-

tion is impaired, contributes to the chronic oxidative 
stress that underlies aging. An adequate regulation of this 
system, by administration of the appropriate amounts of 
antioxidants, can, through a better neuroimmunomodu-
lation, improve the redox condition of the cells of the in-
volved systems and therefore organism homeostasis, re-
sulting in a decrease in morbidity and mortality. No mat-
ter if the responsibility lies on the improved functions of 
the IS and/or the organism in general, and especially of 
the nervous and endocrine systems, it is evident that the 
preservation of a functionally youthful IS throughout the 
years is the best way to gain longevity accompanied by 
good quality of life.
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An Update of the Oxidation-Inflammation Theory of Aging:  
The Involvement of the Immune System in Oxi-Inflamm-Aging 
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Abstract: The aging process is one of the best examples of the effects of a deterioration of homeostasis, since aging is ac-
companied by an impairment of the physiological systems including the homeostatic systems such as the immune system. 
We propose an integrative theory of aging providing answers to the how (oxidation), where first (mitochondria of differ-
entiated cells) and why (pleiotropic genes) this process occurs. In agreement with this oxidation-mitochondrial theory of 
aging, we have observed that the age-related changes of immune functions have as their basis an oxidative and inflamma-
tory stress situation, which has among its intracellular mechanisms the activation of NF�B in immune cells. Moreover, we 
have also observed that several functions of immune cells are good markers of biological age and predictors of longevity. 
Based on the above we have proposed the theory of oxidation-inflammation as the main cause of aging. Accordingly, the 
chronic oxidative stress that appears with age affects all cells and especially those of the regulatory systems, such as the 
nervous, endocrine and immune systems and the communication between them. This fact prevents an adequate homeosta-
sis and, therefore, the preservation of health. We have also proposed a key involvement of the immune system in the aging 
process of the organism, concretely in the rate of aging, since there is a relation between the redox state and functional ca-
pacity of the immune cells and the longevity of individuals. Moreover, the role of the immune system in senescence could 
be of universal application. A confirmation of the central role of the immune system in oxi-inflamm-aging is that the ad-
ministration of adequate amounts of antioxidants in the diet, improves the immune functions, decreasing their oxidative 
stress, and consequently increases the longevity of the subjects.  

Key Words: Aging, oxidative stress, inflammation, immune system, oxi-inflamm-aging, antioxidants. 

INTRODUCTION 

 Although in a now classic article published in 1957 
Medawar [1] describes “aging” as an “unsolved problem of 
biology”, the great amount of research carried out since that 
time allows us to approach an understanding of aging. How-
ever, often if an excess of information is not well under-
stood, it can blur the field of study and lead to wrong conclu-
sions. In this review, after a brief exposition of the general 
characteristics of aging, the difference between maximum 
and mean longevity, and the theories that have tried to ex-
plain this biological process, we suggest an integrative the-
ory of aging in which the vulnerability of the mitochondrial 
genome to oxidative injury in differentiated postmitotic cells 
[2,3] has a key relevance. Moreover, we define more clearly 
our oxidation-inflammation theory and the role that the im-
mune system can have modulating the rate of aging [4,5]. 
Since immune cells are present in all animals, this role of the 
immune system can be of universal application. We suggest 
an evolutionary mechanism for the involvement of the im-
mune system in oxi-inflamm-aging. Health maintenance, 
which is the base of a functional longevity, depends on the 
preservation of homeostasis, and balance at all physiological 
levels, the typical characteristic of homeostasis, is more dif-
ficult to maintain with aging. In fact, the homeostatic sys-
tems such as the nervous, endocrine and immune systems 
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Novais 2, 28040 Madrid, Spain; Tel: 913944989; Fax: 913944935;  
E-mail: mondelaf@bio.ucm.es 

suffer an impairment with aging. This loss of homeostasis is 
established at a different rate in each subject, which is shown 
by a different biological age. Moreover, this rate is the result 
of individual epigenetic mechanisms acting on genes, from 
fetal life, throughout the life of the subject (Fig. 1). 

 Aging can be neither “cured” nor “eliminated”, it can 
only be mitigated, i.e.: to make the process slower. This is 
possible through the modulation of environmental factors 
such as nutrition. Thus, based on the oxidation-inflammation 
that underlies the aging process, the administration of ade-
quate amount of antioxidants, which also show anti-infla- 
mmatory properties, could be a good strategy to avoid the 
excessive oxidative and inflammatory stress of aging and, 
consequently to improve health and increase longevity. Since 
the immune function is a good marker of health and biologi-
cal age and a predictor of longevity, the effects of strategies 
using environmental factors or life style, such as the ade-
quate ingestion of antioxidants, can be analyzed through the 
study of this homeostatic immune system. The last part of 
this review collects information in this regard and we present 
original data on the effects in vitro of thiolic antioxidants on 
several functions of lymphocytes from old mice.  

CHARACTERISTICS OF THE AGING PROCESS  

 The aging process is one of the best examples of the ef-
fects of an impaired homeostasis. Thus, aging may be de-
fined as a progressive and general decrease of the organism 
functions that leads to a lower ability to adaptively react to  
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Fig. (1). How a good and long mean longevity can be reached?. 
The base of a functional longevity is health maintenance and this 
depends on preservation of homeostasis (balance at all physiologi-
cal levels). This health preservation depends on the genes (ap-
proximately in a proportion of 25%) and on the style of life and 
environmental factors (in a 75 %). With aging it is more difficult to 
maintain the homeostais as a consequence of deterioration of the 
regulatory systems. This loss of homeostasis is established at dif-
ferent rate in each subject, and this rate is the result of individual 
epigenetic mechanisms acting on genes from fetal life throughout 
the life of the subject. Since the functions and redox states of the 
immune system are good markers of health and predictors of lon-
gevity, we propose their study in order to determine each particular 
rate of aging and its response to changes in the style of life and 
environmental factors.  

changes and preserve homeostasis. This accumulation of 
adverse changes with the passing of time increases the risk 
of disease and finally results in death. Thus, although aging 
should not be considered a disease, it strongly increases the 
chances of suffering many degenerative diseases. As Strehler 

[6] pointed out, there are four rules that define aging. It is 
universal (practically all animal species including the meta-
zoans showing sexual reproduction suffer aging), progres-
sive (the rate of aging is similar at different ages after the 
adult state), intrinsic (the causes that are the origin of aging 
must be endogenous, since even if animals are exposed to 
optimal environmental conditions throughout life, they still 
experience the aging process at the rate characteristic for 
their species) and deleterious (aging is obviously detrimental 
to the individuals since it leads to their death; however, at the 
species level, the detrimental character of aging could be 
argued since it is counteracted by a continuous replacement 
of the members of the population).  

 The consequences of aging involve a loss of efficiency in 
all physiological functions, but they are especially related to 
a decreased capacity to maintain the homeostasis in the indi-
viduals. An example of this is the lower capacity of elderly 
persons to endure extreme temperatures, infections or in 
general the situations in which stress occurs. If the principal 
characteristic of a healthy organism is to maintain the func-
tional balance at all levels, with aging this balance fails.  

THE LONGEVITY 
 The aging process is finished at the end of the maximum 
lifespan or maximum longevity (the maximum time that a 

subject belonging to a determined species can live), that for 
instance in human beings is about 122 years whereas in 
mouse and rat strains is only 3 and 4 years, respectively. It is 
very important to distinguish this longevity from the mean 
longevity, which can be defined as the mean of the time that 
the members of a population that have been born on the 
same date live. The maximum longevity is fixed in each spe-
cies, but the life span of individual organisms, even when 
they are of the same genotype and are raised in a common 
environment protected from extrinsic hazards, shows marked 
variability [7]. Although presently it is impossible to in-
crease the maximum longevity, the mean lifespan can be 
increased by environmental factors and in human beings by 
factors of style of life that allow the maintenance of good 
health and to achive the maximum lifespan in good condi-
tion. Thus, presently, human aging is a problem in developed 
countries because the mean lifespan or mean longevity is 
very high, about 75-83 years. Since we start the aging proc-
ess at about 18 years of age, we spend most of the time in 
our life aging. For this reason it is very important to know 
which factors of life style can increase that longevity and 
how they can do it. A higher mean longevity is achieved by 
preservation of good health, and this depends on the genes, 
in 25% approximately, and on the style of life and environ-
mental factors, in 75 % [8] (Fig. 1). 

THEORIES OF AGING 

 The answers to the key questions in gerontology such as 
how does aging happen?, where does aging start? and why 
does aging occur?, have stimulated so much speculation as to 
justify the cynical comment that there are as many theories 
of aging as there are gerontologists. Thus, as a consequence 
of the great complexity of the changes associated with se-
nescence, more than 300 theories have been proposed to ex-
plain the process of aging [9]. Presently, most of these theo-
ries of aging mentioned by Medvedev in his review pub-
lished in 1990 have been abandoned since they do not agree 
with the data from research on humans and laboratory ani-
mals, whereas other theories find acceptance and research 
support.  

 Although the theories of senescence proposed are too 
numerous to enumerate and several kinds of classifications 
of these theories have been published [10,11], we feel that 
most of those theories can be joined in three groups. The 
theories in one of these groups, “the genetic program theo-
ries”, propose that aging is the result of a purposeful pro-
gram driven by the genes. In another group are “the epige-
netic theories”, which indicate that aging is the result of 
events that are not guided by a program but are stochastic or 
random events not genetically programmed. The third group 
corresponds to “the evolutionary theories” of aging, which 
do not try to explain the mechanism of aging, but instead 
attempt to explain why the aging process occurs and the rea-
son for the different rates of aging in the different species. In 
the first group we can include those theories proposing the 
existence of specific genes of longevity and theories of exis-
tence of biological clocks for aging. Among the latest, the 
theory of Hayflick, for example, is based on the idea that the 
somatic cells with replicative potential possess a “mitotic 
clock” that fixes their maximum lifespan [12]. Since the es-
tablishment of this “Hayflick limit” the terms replicative 
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senescence, cellular senescence and cellular aging have be-
come synonymous. This theory and “the shortening te-
lomere” theory (telomere attrition occurs with each round of 
cell division) [9,13] have to be considered possible explana-
tions of cell differentiation processes or replicative cellular 
senescence, but not the base of organism aging. In the epige-
netic group, it is possible to include several groups of theo-
ries such as: a) molecular structural stabilization and cross-
linkage theories; b) metabolic theories (aging can be consid-
ered "a side effect" of aerobic metabolism: "wear- and- tear" 
or disorganization, rate-of-living, oxidation, damage by free 
radicals, mitochondrial injury) [9,11,14]; c) physiological 
theories of aging in which the neuroendocrine and the im-
munological theories are included [9]. In the group of evolu-
tionary theories we can mention theories such as the risk of 
depredation, duration of development and rate of reproduc-
tion, among others [9,10], and the first evolutionary theory 
of senescence that was suggested by Weissman [9,15] con-
sidering aging necessary for the disposal of the mortal soma 
in order to prevent organisms competing with their progeny 
for food and space.  
 Presently, despite published claims to the contrary there 
is no direct evidence that only the genes drive age changes. 
Even researchers following genetic theories in the past are 
now defenders of the idea that the aging process, which ap-
pears after reproductive maturation, is driven by random 
events not gene-programmed [16]. In conclusion, most theo-
ries of aging explain events that are consequence of the ag-
ing process but not their cause. Several of the epigenetic and 
evolutionary theories are useful to try to solve the puzzle of 
aging and we will use them further to elaborate an integrated 
theory of aging.  

THE FREE RADICAL, OXIDATIVE AND MITO-
CHONDRIAL THEORIES OF AGING 

 Among all the aging theories the free-radical concept 
proposed by Harman [17] attracts a great deal of attention 
and is probably now the most widely accepted to explain 
how the aging process occurs. This epigenetic theory, that 
has been further developed by several researchers [18-21] 
including Miquel et al. [2-3] (the contributions of which are 
dealt with in more detail in the following section), proposes 
that aging is the consequence of the accumulation of damage 
by deleterious oxidation in biomolecules caused by the high 
reactivity of the free radicals and reactive oxygen species 
(ROS) produced in our cells as a result of the necessary use 
of oxygen. Since oxygen is mainly used in respiration to 
support the life-maintaining metabolic processes, the mito-
chondria, and more concretely their DNA (mtDNA), are 
probably the first target of this oxidation. As first pointed out 
by Miquel et al. [2,3,22], it is in the fixed post-mitotic cells, 
that can not regenerate fully these organelles, where the ag-
ing process starts.  
 Very important findings that complement the fundamen-
tal tenets of the free radical theory of aging are that the rate 
of mitochondrial oxygen radical generation, as well as the 
degree of membrane fatty acid unsaturation, and the oxida-
tive damage to mtDNA are lower in the long-lived than in 
the short-lived species [20,23]. In any case mitochondrial 
injury by free radicals and loss of bioenergetic competence 

occur, which lead to aging and death of cells and therefore of 
the organism [24].  
 As an example of the degree of acceptance of the above 
and related concepts, we can cite some comments by Beck-
man and Ames [25] in a widely cited review: “The free radi-
cal theory of aging, conceived in 1956, has turned 40 and is 
rapidly attracting the interest of the mainstream of biologi-
cal research (…). During the past decade several lines of 
research have convinced a number of scientists that oxidants 
play a role in aging”. We fully agree with the above and 
believe it useful to review briefly the lines of research on 
“residual oxygen toxicity that overwhelm antioxidant de-
fenses” by Gerschman [18], the “mitochondrial theories of 
aging” by Harman [17] and Miquel et al. [2], and the “oxy-
gen radical-mitochondrial injury hypothesis of cell aging” 
[3]. 
 In agreement with all the above oxidation-related theo-
retical concepts, the cells, in order to protect themselves 
against oxygen toxicity, have developed a variety of antioxi-
dant mechanisms that prevent the formation of ROS or neu-
tralize them after they are produced. However, these defen-
sive systems are not perfect, and thus when the amount of 
ROS exceeds the antioxidant protection, an oxidative stress 
situation appears with resulting cell injury [26]. Despite the 
above, we should consider that oxygen is essential for life 
and that ROS, in certain amounts, are needed for many 
physiological processes that are essential for our survival 
[27,28]. Therefore, the functions of our organism are based 
on a perfect balance between the levels of ROS and those of 
antioxidants. It is the loss of this balance, because of an ex-
cess in the production of ROS or an insufficient availability 
of antioxidants, which leads to the oxidative stress, espe-
cially in the mitochondria of differentiated cells (as reviewed 
in more detail below) which underlies ROS-related diseases 
and aging [21] (Fig. 2).  

THE OXYGEN STRESS-MITOCHONDRIAL INJURY 
THEORY OF FIXED POSTMITOTIC AND DIFFER-
ENTIATED CELL AGING 

  The electron-microscopic finding of a striking age-
related mitochondrial loss (and resulting accumulation of the 
age pigment lipofuscin) in the somatic tissues of the insect 
Drosophila melanogaster, as well as in the fixed post-mitotic 
Leydig and Sertoli cells of the mouse testis justified the pro-
posal of an oxygen stress-mitochondrial injury theory of ag-
ing. Now this concept attracts a great deal of attention since, 
according to more recent work, the damage caused by ROS 
to mitochondrial ATP synthesis not only plays a key role in 
cell aging, but also in the fundamental cellular process of 
apoptosis.  
  This oxygen stress-mitochondrial theory proposed by 
Miquel and Fleming [3] and Miquel [22,29] maintains that 
the ROS released in the respiratory chain injure the genome 
and membranes of the differentiated cells that lack the or-
ganelle-regenerating power of frequent mitosis. More con-
cretely, the theory proposes that because of the oxidative and 
mutagenic environment, and the vulnerability of the mito-
chondrial genes (that lack the protection by histones) the 
mitochondria of fixed postmitotic cells (and to a lesser de-
gree those of other differentiated cells) suffer accumulating 
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mtDNA and membrane damage. These genetic and structural 
injuries impair the maintenance, renewal and function of the 
mitochondria, with resulting bioenergetic decline and pro-
gressive loss of somatic physiological functions. 
 This oxygen stress-mitochondrial theory of aging is sup-
ported by the research findings from the laboratory of 
Miquel summarized in Table 1 [3,30-37], and is in agree-
ment with similar concepts published by other authors such 
as Linnane [38] that proposed “mitochondrial DNA muta-
tions as an important contributor to ageing and degenerative 
diseases” and Kowald and Kirkwood [39], who linked aging 
to “accumulation of damaged mitochondria through delayed 
degradation of damaged organelles (…) in fixed post mitotic 
and dividing cells”. 

THE INTEGRATED THEORY OF AGING: HOW, 
WHERE AND WHY OF AGING 

 The most widely accepted theories of aging offer partial 
explanations of the causes and effects of this process, which 
is similar at the different levels of biological organization 

(molecular, cellular and physiological) in human subjects 
and in all multicellular animals. Since the aging process is 
very complex, a theory based on only one mechanism can 
not offer a satisfactory explanation of all its aspects. This 
justifies the proposal of a theory that integrates early con-
cepts that offer partial explanations of the mechanism of 
aging with others more recent [2,14,15,17-19,40-42] (Table 
2). Thus, although recently it has been pointed out that “the 
senescence in vivo remains to be fully determined” [43], we 
have proposed an integrated theory that attempts to reply to 
the three important questions of biogerontology: “the how”, 
“the where” and “the why” of aging. We propose regarding 
the how that the aging process is linked to the oxidation pro-
duced by the oxidative stress, which is at the base of the 
many age-related changes which affect a large number of 
parameters including morphology, physiology and behaviour 
at all levels of organization: molecular, cellular, tissue, or-
ganic and that of the whole individual. We also suggest a 
reasonable answer to the question of where aging starts: in 
the mitochondria from fixed differentiated cells. And why 
does aging happen?. The answer seems to be found in sev-

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (2). The aging theory of oxidation. Aging is the consequence of accumulation of oxidative damage in biomolecules caused by the high 
reactivity of the free radicals and reactive oxygen species (ROS) produced in our cells, especially in mitochondria, as a result of the neces-
sary use of oxygen. The immune cells also produce important levels of ROS. The first oxygen free radical appearing in cells is the superox-
ide anion (O2

-.), which produces hydrogen peroxide (H2O2) and hydroxil radical (OH.), the most reactive free radical, which carries out the 
oxidation of biomolecules such as proteins, lipids and DNA. Cells, in order to protect themselves against oxygen toxicity, have developed a 
variety of antioxidant mechanisms that prevent the formation of ROS or neutralize them after they are produced. Thus, superoxide dismutase 
(SOD) catalyzes the inactivation of superoxide anion and catalase (CAT) inactivates hydrogen peroxide. The reduced glutathione (GSH) is 
the most important antioxidant in the organism and neutralizes peroxides using glutathione peroxidase (GPx) and in this action it is trans-
formed to oxidized glutathione (GSSG). The antioxidant enzyme glutathione reductase (GR) is used to catalyze the reduction of glutathione. 
We should considerer that oxygen is essential for life and that ROS, in certain amounts, are needed for many physiological processes, which 
are essential for our survival. Therefore, the functions of our organism are based on a perfect balance between the levels of ROS and those of 
antioxidants. However, with aging a loss of the balance appears, with an excess in the production of ROS or an insufficient availability of 
antioxidants, which leads to the oxidative stress. This situation of oxidative stress results in oxidative cell injury, which at the mitochondrial 
level causes a loss of bioenergetic competence, and therefore a worse function of cells.  
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eral evolutionary theories and related concepts published 
long time ago. Thus, we agree with the concept of Williams 
[42] that aging is a consequence of characters selected by 
evolution as an advantage for the young subjects of the spe-
cies allowing them to reach the reproductive age in the best 
condition and thus preserve these species, but are a disadvan-
tage for old subjects. Thus, selection acts before the adult 
age and the maintenance of the species is more relevant bio-
logically than the longevity of the individuals. 
 Moreover, we state that aging results from the differen-
tiation process shown by somatic cells, especially those un-

able to divide such as most neurons, in contrast to germ 
cells. This process is linked to the appearance of mitochon-
dria with very high levels of oxygen consumption and result-
ing oxidative damage to their molecules, especially to 
mtDNA. The resulting loss of bioenergetic competence and 
physiological performance is involved in the senescence and 
death of the members of the metazoan species, the genes of 
which, housed in a series of “disposable somas” [44], have 
an unlimited survival in their normal habitat thanks to sexual 
reproduction. Thus, senescence is the "price” paid by meta-
zoans for the appearance in biological evolution of differen-
tiated cells, the mitochondrial genome of which is quite vul-

Table 1. Research from the Laboratory of Miquel Supporting His Oxygen Stress-Mitochondrial Injury Theory of Aging of Fixed 
Postmitotic and Other Differentiated Cells 

a) Age pigment (lipofuscin, a waste product from mitochondrial-membrane lipid peroxidation) is found in the fixed postmitotic cells of an invertebrate, 
namely aged Drosophila melanogaster [30].  

b) In mouse testis, in contrast to the lack of lipofuscin (LF) in the dividing spermatogonia, LF and mitochondrial damage occur in the fixed potmitotic 
Leydig and Sertoli cells [31]. 

c) An increased aerobic metabolism, such as caused by moderately high temperatures increases the rate of Drosophila aging (as shown by an accelerated 
loss of physiological performance and increased age pigment accumulation) without changing its total O2 use throughout life, despite the striking dif-
ferences in maximal life span [32]. 

d) A comparative study of three normal strains of D.melanogaster shows that their maximal lifespan is inversely proportional to their respiration rate [33].  

e) Aging changes the physico-chemical characteristics of the membrane lipids of Drosophila mitochondria and modulates their respiratory capacity [34].  

f) When housed in a space vehicle, drosophilas stressed by being unable to control their flight in the situation of weightlessness increase their respiration, 
with resulting premature aging [3].  

g) Aged drosophilas do not sythesize abnormal proteins although there is a decrease in general protein synthesis. This provides support for the mitochon-
drial-bioenergetic concepts of aging by ruling out theories that propose nuclear DNA mutations as the key mechanism of aging [35].  

h) The administration in the diet of thiazolidine carboxylic acid or tioproline, a normal component of liver mitochondria and precursor of reduced glu-
tathione increases the life span of D. melanogaster [36]. 

i) Aging of mouse brain results in an impairment of oxidative phosphorylation as well as a decrease in the activity of cytochrome c oxidase and glu-
tathione in synaptic mitochondria [37]. 

 
Table 2. Selection of Theories of Aging Related to Cell Differentiation, Metabolic Rate, Free Radicals, Oxygen Stress and Mito-

chondrial Injury, that Focus on the Aging Process at Several Levels of Biological Organization and are the Basis of Our 
Integrative Theory of Senescence 

Author  Year of Publication  Key Concept / Cause of Aging  References 

Weissman 1891 Division of work between immortal proliferating germ cells and somatic working and se-
nescing cells [15] 

Minot  1907  Price paid for cell differentiation [41] 

Pearl  1928  Side effect of metabolism  [14] 

Harman 
1956 
 1972  

Damage by free radicals (that injure all cell types) 
The mitochondria as the “biological clock” of aging 

[17] 
[19] 

Williams 1957 Genes that program the organism for maximal vigor at the age of reproduction but have 
noxious effects afterwards [42] 

Gerschman  1962  Toxicity of oxygen due to lack of a fully competent antioxidant protection [18] 

Miquel et al. 1980 Oxy-radical injury to the genes and membranes of mitochondria of differentiated and es-
pecially fixed post-mitotic cells. [2] 
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nerable to oxygen free radical attack. It is evident that what 
allows better functions in the age of reproduction, namely 
oxygen utilization for cell energy production, is the main 
cause of functional impairment afterwards. Thus aging 
would be an unprogrammed effect of the high levels of oxi-
dative stress in the differentiated cells, quite irrelevant from 
the viewpoint of species survival through sexual reproduc-
tion.  

BIOLOGICAL AGE, A CONCEPT LINK TO MEAN 
LONGEVITY 

 The aging process is very heterogeneous. Thus, there are 
different rates of physiological changes in the various sys-
tems of the organism and in the diverse members of a popu-
lation of the same chronological age. This justifies the intro-
duction of the concept of “biological age” or “functional 
age”, which is very useful to assess the level of aging experi-
enced by each individual and therefore his life expectancy 
[45]. Since chronological age fails to provide an accurate 
indicator of the aging process [46], and aging is associated 
with a great number of changes at all levels of biological 
organization, there is a need to select parameters that are 
useful as biomarkers of aging. The most complete investiga-
tion on biological age was performed by Borkan and Norris 
[47], on over one thousand men, in the longitudinal study on 
human aging of the Gerontological Center of Baltimore. The 
retrospective analysis of this study showed that the subjects 
presenting certain parameters “more aged” than those found 
in the majority of the subjects of the same chronological age 
had a shorter life expectancy. These biomarkers include 
those related to respiratory function, systolic arterial tension 
and reaction times determined by psychometric tests. Al-
though the concept of biological aging has been investigated 
since the 1970s, most studies mainly selected a profile of 
physical parameters, including some physiological and bio-
chemical parameters, and in spite of recent attempt to extend 
the kinds of parameters of biological age [48], the proposals 
are still incomplete and not very concrete. Thus, most re-
search on biological age did not include immune parameters. 
Since the immune function is a marker of health and longev-
ity [49] and a positive relation has been shown between a 
good function of several immune cells and longevity [50-
56], presently several immune parameters are considered 
essential and very representative of the “true” biological age 
of a subject and thus, they can be considered appropriate 
biomarkers of biological age (as reviewed in more detail 
below).  

THE IMMUNE SYSTEM AS A HOMEOSTATIC SYS-
TEM 

 The immune system is one of the regulatory systems of 
the organism. The immune system is a remarkably versatile 
defense system that has evolved to protect animals from in-
fectious agents (e.g. bacteria, virus, fungi, parasites, etc) and 
malignant cells. This activity is carried out, from the birth of 
individuals, via different components such as epithelial bar-
riers, immune cells and immune molecules, which act to-
gether in a dynamic network, the complexity of which, rivals 
that of the nervous system. The immune system is constantly 
active in order to discriminate between “non-self” and “self” 
and thus, destroy the non-self.  

 Two types of immunity protect the body: 1) Innate (or 
natural, non specific) and 2) adaptive (or acquired, specific). 
1) Innate immunity is present already at birth and provides 
the first barrier against invaders. If pathogens pass the 
epithelial and mucosal barriers, cells of the innate immunity 
such as monocytes, macrophages, neutrophils and dendritic 
cells, come into play to rapidly eliminate them, and hence 
contain the infections. In addition, NK cells are implicated 
also in the control of infections and resistance to tumors. The 
basic signalling receptors of the innate immune cells in the 
recognition of pathogens are the Toll-like receptors (TLR), 
which detect a broad range of molecular patterns that are 
commonly found on pathogens, called pathogen-associated 
molecular patterns (PAMPs). 2) Adaptive immunity is a 
more sophisticated immunity acting when the innate defense 
cannot clear the infection in a short time. This immunity 
involves the specific recognition of antigens (molecules of 
pathogens or tumoral cells recognized as foreign). The cells 
of adaptive immunity, the lymphocytes, both T cells and B 
cells, carry receptors on their surface and they recognize 
antigens, either presented by an antigen-presenting cell or 
free in extracellular fluids. There are three kinds of T cells: 
A) Cytotoxic T cells (Tc), that express the surface protein 
marker CD8+, which directly kill infected cells and tumor 
cells. B) Helper T cells (Th), expressing CD4+ as the surface 
marker, which aid B and other T cells to do their work. 
These cells can be type 1 (Th1) and type 2 (Th2). The Th1 
promote cell-mediated reaction providing effective defense 
against intracellular pathogens. The Th2 activate humoral 
immunity with antibody production. C) Regulatory T cells 
(Treg), which suppress the activity of lymphocytes to pre-
vent their overreaction. Communication within adaptive im-
munity and between innate and acquired systems requires 
direct cell-to-cell interactions as well as the production of 
chemical messengers such as cytokines.  

 The three steps of the mechanisms of the immune re-
sponse are: 1) Recognition of antigens (the immune system 
is able to recognize subtle chemical differences that distin-
guish one foreign pathogen from another, as well as to dis-
criminate between foreign molecules and the own cells and 
proteins). 2) Activation and regulation of this activation (af-
ter the recognition of antigens, the immune system recruits a 
variety of cells an molecules to mount an appropriate re-
sponse; thus the proliferation of specific lymphocytes and 
the production of cytokines are key activities in this step). 
The regulation of the activation is a key to obtain perfect 
results, since an inappropriate regulation, both by decreased 
or increased activation, leads to illness. 3) Effector response 
to eliminate or neutralize the antigens. In this effector re-
sponse an inflammatory situation is generated. The effector 
cells are then destroyed, but the memory cells are produced 
in the activation step and thus, although they do not act at 
that moment, they are maintained in the organism. A later 
exposure to the same foreign organism induces a memory 
response, characterized by a more rapid and heightened im-
mune reaction that serves to eliminate the pathogen and pre-
vent disease.  

 In view of the above, it is possible to understand that the 
immune system contributes to homeostasis recognizing and 
eliminating foreign and altered self-antigens, thus maintain-
ing the appropriate cell types and molecules that constitute 
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the tissues and organs. Moreover, this system with its cells 
and mediators contributes to the maintenance of the correct 
functions of the body [4,5,56]. Thus, the appropriate function 
of the immune system has been considered the best marker 
of health and longevity [5,49,56].  

OXIDATION AND INFLAMMATION AS RELATED 
HOMEOSTATIC MECHANISMS OF THE IMMUNE 
RESPONSE 
 We should considerer that the immune cells need to pro-
duce free radicals and other oxidant and inflammatory com-
pounds in order to perform their defensive functions [4,5,27, 
28]. Thus, one type of action of cells involved in host de-
fense consists ROS production of as chemical weapons to 
incapacitate pathogens and malignant cells. In addition, gene 
expression can be modulated by ROS, regulating the biosyn-
thesis of antibodies or cytokines and other immune media-
tors. However, ROS produced in relatively high concentra-
tion cause cellular damage as mentioned above. Thus, ROS 
stimulate immune functions such as proliferation or produce 
cellular damage, depending on their specific concentration 
[28]. The immune cells need to produce the adequate levels 
of ROS to carry out their defensive function, but an excess of 
ROS can cause damage to immune cells, even more consid-
ering that the membrane characteristics of these cells make 
them very vulnerable to oxidative damage [4,27,57]. There-
fore, if any cell needs to maintain a balance between the pro-
duction of oxidants and the antioxidant defense in order to 
prevent an excess of the first and the resulting oxidative 
stress, this balance is even more essential to preserve the 
functional capacity of immune cells and, therefore, the health 
of the organism (Fig. 3).  
 Emerging evidence shows the close link between oxida-
tion and inflammation since excessive or uncontrolled free 
radical production can induce an inflammatory response, and 
free radicals are inflammation effectors [58]. In fact, an in-
flammation occurs when of the immune system responds to 
the invasion of pathogens. Thus, inflammation is not per se a 
negative phenomenon, since it is needed to maintain life 
through a constant struggle to preserve the integrity of the 
individuals. However, if the levels of inflammatory com-
pounds exceed the control of anti-inflammatory compounds, 
an inbalance appears and the situation of inflammation is 
established. There is an extensive list of pathological proc-
esses, such as hypertension and endothelial dysfunction [4, 
59], atherosclerosis [60] and neurodegenerative diseases [61] 
that are now considered to include in their pathogenesis not 
only an oxidative process, but also an inflammatory compo-
nent. Thus, a balance of pro-inflammatory compounds, 
needed to cope with damaging agents and crucial for sur-
vival, and anti-inflammatory markers is also essential for an 
appropriate immune function, health condition and success-
ful aging [62-64]. Again, a balance is necessary, to avoid 
inflammatory stress (Fig. 3).  

Homeostatic and Anti-Homeostatic Functions of the Im-
mune System 
 Considering all the facts indicated above we have exten-
sive evidence of the homeostatic role of the immune system. 
Interestingly, Besedovsky and Del Rey [65] proposed the 
idea that the immune system shows also anti-homeostatic 

functions, contributing with these to natural selection. Thus, 
homeostasis, as a product of natural selection, contributes to 
evolution as long as the survival of one individual would not 
threaten the survival of other members of the species and 
thus of the species itself. For example, an individual infected 
by pathogenic microorganisms may not only have his own 
life compromised but might also be a vector capable of 
transmitting this agent to other healthy individuals. The 
longer that infected individual survives, the higher is the 
threat to the species. Therefore, there are conditions in which 
immune mediated homeostasis enters into conflict with evo-
lution. The conflict of interest between immune-mediated 
homeostasis and natural selection may be overcome by 
mechanisms referred to as “anti-homeostatic” functions of 
the immune system. In fact, in recent years it is well known 
that the cause of death of individuals with strong sepsis 
processes is not the infection, but the excessive activation of 
the immune system, which produces high amounts of in-
flammatory and oxidative compounds. If one asks why there 
are no mechanisms efficient enough to prevent the over ex-
pression of genes, the products of which could cause self-
destruction, a possible explanation is that these products may 
mediate processes of “active” negative self-selection exerted 
by the immune system. These processes might have been 
acquired in evolution to limit homeostasis when the survival 
of the individual compromises the survival of other members 
of the species [65].  

IMMUNOSENESCENCE 

 As mentioned above, aging is accompanied by a decline 
of the physiological systems including the immune func-
tions. In fact, it is well known that with the passage of time 
there is a decrease in the resistance to infections and an in-
crease in autoimmune processes and cancer, which indicates 
the presence of a less competent immune system. In fact, the 
increased death rate found in aged populations is due in great 
proportion to infectious processes [66]. Thus, there is an 
impairment of the immune system with age, which exerts a 
great influence on the increasing morbidity and mortality 
observed in aging human subjects [49]. However, it is pres-
ently accepted, although there are conflicting observations 
on this subject, that almost every component of the immune 
system undergoes striking age-associated re-structuring. This 
leads to changes that may include enhanced as well as dimin-
ished functions, involving each component of the immune 
system, as well as their interactions [4,5,56, 67-71]. This fact 
is denominated immunosenescence. As has been recently 
indicated, understanding the specific mechanisms and target-
ing interventions are dependent on research to elucidate the 
relationship between frailty-associated impaired immunity 
and immunosenescence in developing an impaired immunity 
[72]. 
 Immunosenescence results in a pronounced decrease in 
T-cell functions, especially in the T-cell helper, which af-
fects humoral immunity and causes an impaired B-cell func-
tion [69,70,73]. However, not all immune cell types or all 
functions of an immune cell show a significant decrease. In 
fact, several cell types and functions of a cell are more acti-
vated with age whereas other types and functions do not 
show significant age-related changes. Thus, a cell type which 
has been relatively neglected in studies of age and immunity 
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is the Treg subset. With age these cells maintain their func-
tion capacity but increase in number, and this could explain 
the greater suppressive activity in the elderly [74,75]. The 
age-related alterations in the cells from innate immunity 
have been less studied than those of lymphocytes. Although 
the evidence accumulated over the last decade supports the 
profound impact of aging on this immunity, the results ob-
tained on the age-related changes of the functions of cells 
from innate immunity are often contradictory [5,67,68,76-
80]. In general, the NK cells, one of the cellular mediators of 
innate defence more extensively studied in the elderly, show 
a decreased cytotoxicity and cytokine production [76,79]. 
The NKT cells also change in number and function with age 
[80]. The phagocytic cells such as neutrophils and macro-
phages show a significant decrease in several of their func-
tions [5,54,55,57,76-80]. Thus, although phagocytes, the 
age-related changes of phagocytes, which were studied by us 
for a long time [81], were thought to play a less critical role 
in the immune dysfunction that occurs throughout aging. 
Nevertheless recent studies point to the general decline in the 
functional activities of these cells as one major reason for the 
susceptibility and vulnerability to bacterial and viral infec-
tions among aged subjects, which stand out as the most 
common causes of illness and death in aging [5,76-80]. 
However, several activities of cells from innate immunity 

increase with aging, namely those related with an increase of 
oxidative and inflammatory conditions, which show an im-
pairment in the regulation of this immune response. Adher-
ence capacity to tissues, expression of Toll-like receptors 
such as TLR2 or TLR4, or production of pro-inflammatory 
cytokines are increased with aging [4,5,78,79,82].  
 In addition, since the innate and adaptive immune sys-
tems co-operate to ensure an optimal immune response, we 
have to consider that any decline in innate immunity will 
impact on the function of the adaptive immune system and 
vice-versa [5,76,80,83]. Thus, at the level of a key compo-
nent of T cell immunity such as the antigen presentation, the 
age-related changes in the antigen-presenting cells such as 
macrophages and dendritic cells could play a relevant role in 
the alterations of the initiation and outcome of T cell im-
mune response [76]. Moreover, the dendritic cells have been 
implicated in the age-related change to a predominant Th2 
response instead of the predominant Th1 of the adult [84]. In 
fact, this change from predominant Th1-type to predominant 
Th2-type responses to antigens with an accompanying shift 
in cytokine profiles has been proposed as a mechanism for 
age-related immune dysfunction [73]. 
 Although several of the age-related changes observed in 
the immune response have been attributed to the modifica-

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (3). The oxidative and inflammatory balance support of cellular homeostasis. The cells of the organism produce ROS (especially at 
the mitochondrial level, as consequence of the respiratory chain, but also in the cytoplasmic membrane, as occurs in the immune cells). ROS 
in certain amounts are needed for many physiological processes, which are essential for animal survival, but when the amounts of ROS are 
very high, they lead to oxidative damage. Thus, there are antioxidant (Ax) mechanisms to control that excess, and the balance between ROS 
and antioxidant levels is the base of a preserved cellular homeostasis typical of the healthy adult. With aging there are more ROS and less 
antioxidant compounds available, and the oxidative stress appears. Immune cells produce in their defensive work against pathogens pro-
inflammatory (P-I) compounds, which are involved with the immune response destroying the pathogens. However, the inflammation has to 
be controlled to avoid a chronic situation, and this control is linked to the anti-inflammatory (An-I) compounds. There is a balance between 
inflammatory and anti-inflammatory compounds in the healthy adult that is the base of homeostasis. With aging the level of pro-inflamatory 
compounds increase and it is higher than the level of anti-inflammatory compounds, leading to inflammatory stress. Moreover, oxidation and 
inflammation are two processes very related. Thus, with age an oxi-inflamm-aging appears, which is the base of the loss of homeostasis. 
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tions of immune cell subpopulations with aging [73,85], the 
age-related quantitative variations in a type of immune cell is 
not necessary related with its functions. This is the case for 
NK cells, which increase in number with age but decrease 
their tumoral cytotoxic capacity [73,76,85]. However, the 
presence of a higher ratio of memory lymphocytes with re-
spect to naïve cells could explain the decrease of several 
immune functions [73,84]. Despite the fast increasing 
amount of data on immunosenescence [67-85], the puzzle of 
all the changes in the different aspects of the immune func-
tion with age has not yet been solved, and the specific role 
played by the immune system in aging of the organisms is 
not wholly understood.  

THE PSYCHO - NEURO - ENDOCRINE - IMMUNE 
COMMUNICATION. ALTERATIONS WITH AGING 
 We know that there is a “neuroendocrine-immune” sys-
tem that allows the preservation of homeostasis and therefore 
of health [65,86,87] (Fig. 4). Thus, advances in the field of 
psychoneuroimmunology have shown that the central nerv-
ous system and the immune system are intimately linked and 
do not function as independent systems. Interactions between 
these systems are necessarily complex since each of the sys-
tems is intrinsically complex. Presently it is accepted that 
this communication is based on the following facts: A) Im-
mune, endocrine and neural cells can express receptors for 
cytokines, hormones and neurotransmitters; B) Immune and 
neuroendocrine products coexist in lymphoid, endocrine and 
neural tissue; C) Endocrine and neural mediators can affect 
the immune system; and D) Immune mediators can affect 
endocrine and neural structures [65]. It was suggested that 
the immune system represents a system of reception of in-
formation of non-cognition related stimuli that appear in the 
organism (infections, tumor cells or other types of foreign 
cells) and it responds to those stimuli, accompanied by trans-
fer of that information (by means of the cytokines produced 
by immune cells) to the neuroendocrine system. In addition, 
the neuroendocrine system is a receptor of cognitive stimuli 
(light, sound, stress situations, etc.) to which it responds, and 
its mediators (neurotransmitters and hormones) reach the 
immune system to inform it about the situation [88].  

 The scientific confirmation of this communication has 
allowed us to understand, on the basis of the experimental 
data, a number of facts of everyday life. Thus, it is well 
known that the situations of depression, emotional stress or 
anxiety, provoked for instance by the loss of employment or 
of a close relative, are accompanied by a greater vulnerabil-
ity to conditions ranging from infectious processes to cancer 
or autoimmune diseases. This agrees with the concept that 
the immune system is impaired, and results in worse health 
and a shorter life span [53,55,89-91]. By contrast, pleasant 
emotions and an “optimistic outlook” on life help us to over-
come immune system-related diseases and enjoy better over-
all health [92]. Conversely, it has been shown that immune 
system changes such as found in infectious processes alter 
nervous system functions, which can even lead to psychotic 
disorders and neural diseases [93].  

 With age all regulatory systems involved in homeostasis, 
i.e., the nervous, the endocrine and the immune system, as 
well as the communication between them, show an impair- 
 

ment [4,5,94,95] (Fig. 4). This important observation justi-
fied the proposal of another theory of aging, according to 
which the changes in this communication between the im-
mune system and the nervous system (and concomitant loss 
of homeostasis and resistance to stress) is the probable cause 
of physiological senescence [96]. Recent studies of our 
group support that this fact occurs in aging, as well as the 
idea that the impairment of the immune system with aging 
could affect the functions of the other regulatory systems 
through an increased oxidative and inflammatory stress, re-
sulting in the age-related homeostasis alteration and increase 
in morbidity and mortality [4,5]. 
 In relation with the above an inadequate response to 
stress is one of the conditions leading to an acceleration of 
aging accompanied by poor health of the immune system 
and other physiological systems [97-99]. Thus, our group has 
shown that mice with chronic hyperreactivity to stress and 
anxiety show a premature immunosenescence and are prema-
turely aging [100]. We have also observed recently that mice 
exposed to the stressful condition of isolation have behav-
ioural responses that reveal an impairment of cognition, cer-
tain degree of depression and a more evident inmunosenes-
cence than control animals of the same age housed in groups 
(work in the process of publication). Likewise, human sub-
jects suffering chronic anxiety [89,91] or depression show a 
significant premature immunosenescence.  
 It is difficult to determine whether with aging neural 
changes induce immunological changes or an altered im-
mune system induces nervous changes, or whether both 
processes occur simultaneously, which is the most likely 
mechanism according to some authors [95]. In addition, we 
have observed that the in vitro response of immune cells to a 
wide range of neurotransmitter concentrations changes with 
the age of the subject [101-103]. This demonstrates that al-
though the levels of neurotransmitters that come into contact 
with the immune cells are maintained with age, the response 
of the cells of the immune system to them could be different. 
Thus, the communication between those homeostatic sys-
tems deteriorates with age and this justifies the loss of ho-
meostatic capacity and the consequent increase of morbidity 
and mortality that appear with aging [4,5] (Fig. 4). 

THE IMMUNE SYSTEM, A MARKER OF BIOLOGI-
CAL AGE AND PREDICTOR OF LONGEVITY 
 It has been demonstrated that the competence of the im-
mune system is an excellent marker of health [49] and sev-
eral age-related changes in immune functions have been 
linked to longevity [4,5,50-57]. Thus, the levels of immu-
nological parameters such as excess of CD8+ CD27- CD28- T 
cells, low T cell proliferative responses in vitro and low in-
terleukine-2 (IL-2) secretion predicted mortality, together 
with increased IL-6 levels and a CD4: CD8 ratio <1 define 
“Immune Risk Profile” in humans [104]. Based on the 
above, we decided to find out if some immune functions 
could be useful as markers of biological age or “biomarkers” 
and therefore as predictors of longevity. We felt that this 
project was worthwhile since biological age is a more ade-
quate parameter than chronological age to measure the rate 
of aging of a subject, although very seldom the proposed 
batteries of biomarkers have included immune functions.  
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Fig. (4). Regulatory systems and aging. With aging there is an 
impairment of the regulatory systems, namely the nervous, the en-
docrine and the immune system as well as of the neuro-endocrine-
immune communication. These age-related alterations lead to loss 
of homeostasis and therefore to the age-related increase in morbid-
ity and mortality. 

 Among all functions of immune cells we have focused on 
those listed in Table 3. Thus, in lymphocytes: their ability to 
adhere to the vascular endothelia, migrate towards the site of 
antigen recognition (chemotaxis), proliferate in response to 
mitogens and release cytokines such as IL-2. In phagocytes: 
different step of their phagocytic process such as the adher-
ence to tissues, the chemotaxis, the ingestion or phagocytosis 
of foreign particles and the destruction of pathogens by 
means of the intracellular production of free radicals such as 
the superoxide anion and other ROS located in the 
phagosome of these cells. Furthermore, we have analyzed 
the capacity of NK cells to destroy tumoral cells of the same 
animal species being investigated. The same parameters as 
above have been determined in the various decades of life of 
human subjects from the adult age of twenty until eighty in 
leukocytes of peripheral blood, and throughout the life of 
mice in their peritoneal leukocytes. These longitudinal stud-
ies, which despite their high cost, can be carried out on mice 
(that have a mean life span of two years), are almost impos-
sible to perform on human subjects. Surprisingly our results 
have shown that in the members of both species similar age-
related changes of the above mentioned immune parameters 
occur. Thus, with aging there is a decrease of functions such 
as the lymphoproliferative response and the NK activity that 
protect us against tumoral cells. There is also a decline of the 
IL-2, as well as of chemotaxis, phagocytosis and adequate 
levels of ROS in the phagosomes. In addition, there is an 
increase of the functions that could become noxious, if active 
in excess. For instance an excessive activation of adherence 
of immune cells to tissue may prevent their arrival to the site 
where they have to perform their organism-protecting task. 
Also there is an increase with age in other immune functions 
potentially harmful that will be dealt with below, such as the 
extra-cellular release of superoxide anion and pro-inflamma- 
tory cytokines like TNF� [4,5,57] (Table 3).  
 In order to identify the above parameters as markers of 
biological age and predictors of longevity we need to dem-
onstrate that the levels that they show in particular subjects 
reveal their real health and senescent conditions. This has 
been achieved in the following two ways:  

A) Ascertaining that the individuals with those parameters 
showing levels older than those of most subjects of the 
same population, sex and chronological age die before 
their counterparts. The confirmation that a premature 
immunosenescence in those parameters may predict a 
premature death can be tested only in experimental ani-
mals. This was performed using a model of premature 
senescence in mice proposed by our group. The animals 
that we have denominated PAM (prematurely aging 
mice), in contrast to the NPAM (nonprematurely aging 
mice) of the same population, sex and chronological age, 
are identified by their poor response in a simple T-maze 
exploration test. This provides strong support for the 
concept that the nervous and the immune systems are 
closely linked. In mice with premature aging we have ob-
served that the above mentioned immune functions show 
levels characteristic of older mice. In addition, to a more 
significant immunosenescence, the PAM showed high 
levels of anxiety and a brain neurochemistry characteris-
tic of older animals. Nevertheless the most convincing 
evidence that the immune parameters studied are useful 
markers of biological age is that the PAM showed a 
shorter life span than their counterpart NPAM of the 
same sex and chronological age [5,54,55,100] (Table 3). 

B)  An additional way to confirm the key role of the immune 
system in health and longevity is the finding that subjects 
reaching a very advanced age preserve the immune func-
tions at levels similar to those of the adults. This has been 
shown in both humans and experimental animals such as 
mice. In human subjects our group has ascertained that in 
healthy centenarians the above mentioned immune func-
tions perform as well as in young-adults (30-year old) 
and much better than in 70-year old human subjects 
[105]. A similar finding has been obtained on peritoneal 
immune cells of very long-living mice [103].  

 All the above results confirm that the immune system is a 
good marker of biological age and a predictor of longevity. 
Moreover, since the evolution of the parameters shown in 
Table 3 is similar in mice and human subjects, we can as-
sume that men and women showing the above immune pa-
rameters at the levels of older subjects have a higher biologi-
cal age and a shorter longevity.  

THE ROLE OF OXIDATIVE STRESS AND INFLAM-
MATORY STRESS IN IMMUNOSENESCENCE 
 After knowing the changes that the immune system with 
aging, suffers, at least several of them, it is necessary to con-
sider why immunosenescence occurs. If, as it is generally 
accepted, the mechanisms that underlie aging must be of 
general application, it seems logical to accept that the cause 
of inmunosenescence is the same as that responsible for the 
senescence of the other cells of the organism, namely the 
oxidative disorganization linked to the unavoidable use of 
oxygen to support cellular functions. In addition, as it has 
been mentioned above, there is a close link between oxida-
tive stress and inflammation, and many age-related patholo-
gies are now considered to include in its pathogenesis both 
oxidative and inflammatory processes [58-64]. In fact, the 
levels of pro-inflammatory enzymes and molecules, such as 
cyclooxigenase 2, several cytokines and prostaglandins, in-
crease with age [62]. Moreover, the increase of inflammatory 
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compounds can explain several aspects of immunosenes-
cence [106]. Therefore, aging seems to be associated with an 
oxidative and inflammatory stress [63,64].  
 Trying to answer the question if there is an increased 
oxidative and inflammatory stress in the immune cells with 
aging, our group decided to investigate the age-related 
changes in the redox and inflammatory state of immune 
cells. Thus we have analyzed in immune cells, specially in 
peritoneal leukocytes of mice, but also in neutrophils and 
lymphocytes from peripheral blood of humans, a variety of 
oxidant and inflammatory compounds (extra-cellular super-
oxide anion, oxidized glutathione (GSSG), xantin oxidase 
(XO) activity, TNF-�, IL-6, PGE2), and anti-inflammatory 
and antioxidant protectors (IL-10, reduced glutathione 
(GSH), glutathione peroxidase (GPx), glutathione reductase 
(GR), superoxide dismutase (SOD) and catalase (CAT)), as 
well as oxidative damage to biomolecules such as lipids and 
DNA (Table 3). Our results indicate that aging leukocytes 
suffer oxidative and inflammatory stress, resulting in higher 
levels of kparameters of oxidation and inflammation, de-
creased antioxidant defenses and increased oxidative damage 
to lipids and DNA [4,5] (Table 3). Moreover, an increased 
oxidative and inflammatory stress has been also found in the 
immune cells of PAM with respect to those of NPAM and in 
the leukocytes of male mice with respect to those of female 
mice [5,100] (Table 3). In addition, very long-living mice 
and human centenarians show a redox condition in their im-
mune cells similar to that of healthy adult subjects. In fact, 
recent studies have pointed out a lower expression of genes 
resulting in inflammation and oxidation in human centenari-
ans, who show preserved immune functions [63,64,105]. 
Thus, centenarians seem to have a peculiar compromise be-
tween both pro and anti-inflammatory compounds and they 
are remarkably free of most age-related diseases that have an 
inflammatory component [63,64]. Although these conditions 
have not been adequately studied in exceptionally long-
living experimental animals, we have observed that perito-
neal immune cells from very old mice not only preserve in 
general their function in response to stimuli [103], but also 
show controlled oxidative-inflammatory stress (in the proc-
ess of being published). 

Intracellular Signal Changes with Aging: Role of the Nu-
clear Factor KappaB (NF�B) in Immunosenescence 

 Age-related changes in the intracellular signals have been 
reported and they can explain the altered functional response 
in immunosenescence [73,107]. In the immune cells the de-
gree of phosphorilation after activation shows a decline with 
age in mice and humans. There are changes in the formation 
of second messengers with both an increase in several of 
them such as cyclic adenosine monophosphate (cAMP) 
[108] and a decrease in other such as inositol triphosphate 
(IP3) and diacylglycerol (DAG), as well as in the activation 
of kinases such as mitogen-activated protein kinases 
(MAPK) and protein kinase C (PKC), among other deficien-
cies in signal transduction [73, 109]. These defects are re-
sponsible for the decreased ability of lymphocytes from eld-
erly individuals to be activated by normal extracellular stim-
uli. The age-associated increase of oxidants and inflamma-
tory compounds could be related with an up-regulation of a 
transcription factor as ubiquitous as the nuclear factor-�B 

(NF�B) activation, which is involved with the expression of 
genes of oxidant and inflammatory compounds, and has been 
linked to many acute and chronic oxidative and inflamma-
tory disease states [106,110-113]. Moreover, NF�B is down-
regulated by glutathione precursors such as N-acetylcysteine 
(NAC), which thus prevent excessive oxidation and inflam-
mation in the above situations [111,112].  
 Although the activation of NF�B in leukocytes with ag-
ing has been scarcely studied, recent articles highlight the 
role of the NF�B system in aging and immune response 
[62,106,114-116]. Thus, the NF�B binding domain is the 
genetic regulatory motif that is most strongly associated with 
the aging process, and longevity factors such as sirtuin 1 
(SIRT1) can inhibit NF�B signalling and simultaneously 
protect against the inflamm-aging process [116]. We have 
analyzed the NF�B activation, in resting conditions, in peri-
toneal immune cells throughout aging, and our results show 
that the immune cells from exceptionally long-living mice 
have levels of activation of NF�B similar to those of 
younger animals. Moreover, in old mice, only animals with 
controlled basal NF�B activation in leukocytes achieved 
longevity, and the adult animals with a very high activation 
of the NF�B in their peritoneal leukocytes died early. Thus, 
the level of activation of that factor in leukocytes is signifi-
cantly related to the life expectancy of the subjects from 
which the cells were obtained (data in the process of publica-
tion).  

ROLE OF THE IMMUNE SYSTEM IN THE AGING 
PROCESS 
The Oxidation-Inflammation Theory of Aging  
 With all the above results obtained by us and others on 
the immune system and in agreement with other published 
data supporting the idea of an inflammation and oxidation 
condition in aging [62,117] we have proposed an oxidative-
inflammatory theory of aging [4,5] (Fig. 5). We suggest that 
aging is linked to a chronic oxidative stress, which affects all 
cells of the organism, but specially those of the regulatory 
systems. Thus the nervous, endocrine and immune system 
would show the greatest oxidative damage and, being unable 
to preserve their redox balance, would suffer functional 
losses incompatible with an adequate preservation of homeo-
stasis, with a resulting increase in morbidity and mortality 
such as found in old age. In addition, the immune system, 
because of its need to generate continuously oxidative and 
inflammatory compounds could activate, if it is not well 
regulated, factors such as the NF-�B, which after reaching 
certain level of activation stimulates the expression of genes 
programming the production of higher amounts of those 
compounds. Thus it is likely that if the production of oxida-
tive and inflammatory compounds is not well controlled the 
organism may enter a “vicious circle” in which the great 
amount of oxidant and inflammatory compounds produced 
by the immune system would activate even more the further 
production of the same noxious compounds through factors 
such as the above mentioned NF-�B. If this harmful circle is 
not well controlled, these noxious compounds would disor-
ganize with the passage of time not only the immune cells, 
but also all other cells of the aging organism (which have a 
worst response to oxidative stress than young cells), thus 
contributing to maintain the chronic oxidative stress of the 
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organism. In view of all the above, it seems evident that the 
immune system can play a role in the uncontrolled oxidation 
and inflammation process linked to aging and thus affect the 
rate of aging (Fig. 5).  

Examples Supporting the Role of the Immune System in 
Aging 
 We can say, based on the above, that when an animal 
shows a great oxidative stress in its immune cells, these have 
a worst function and that animal shows a decreased longev-

ity. On the contrary, if the immune cells of a subject main-
tain better their redox state, their functions will be also better 
and this subject will reach greater longevity. Thus, there is a 
relation between the redox state of the immune cells, their 
functional capacities and the life span of the subject [5] (Fig. 
6). 
 As examples supporting this idea and, consequently, the 
role of the immune system in aging, we can mention several 
experimental models that we have studied, and developed 
during the last years, as novel approaches to assess prema-

Table 3. Changes in Immune Function and Oxidative Stress Parameters in Peritoneal Leukocytes from Old Mice Versus Adults, 
and PAM Versus NPAM, as well as in Peripheral Blood Leukocytes from Elderly Versus Adult Men and Women. Effects 
of a Diet Supplemented with Antioxidants in Old Mice, in PAM and in Elderly Men and Women 

 Old Mice and PAM Elderly Men and Women Antioxidant Supplementation 

Immune Functions  

Adherence of macrophages and lymphocytes Increase - Decrease  

Adherence of neutrophils and lymphocytes  - Increase Decrease 

Mobility of macrophages and lymphocytes  Decrease - Increase  

Mobility of neutrophils and lymphocytes  - Decrease Increase 

Phagocytosis capacity of macrophages Decrease - Increase  

Phagocytosis capacity of neutrophils  - Decrease Increase 

Intracellular superoxide anion and ROS Decrease  - Increase  

Lymphoproliferative response to mitogens Decrease Decrease Increase  

Natural Killer (NK) activity Decrease Decrease Increase  

IL-2 release Decrease Decrease Increase  

Oxidant and Pro-Inflammatory Compounds  

Extra-cellular superoxide anion  Increase - Decrease  

Superoxide anion levels  - Increase Decrease 

Oxidized glutathione (GSSG) Increase Increase Decrease  

Oxidized/reduced glutathione (GSSG/GSH) Increase Increase Decrease  

Tumor necrosis factor alpha (TNF�) Increase Increase Decrease  

Prostaglandin E2 (PGE2) Increase - Decrease  

Nitric Oxide (NO) and Xantin Oxidase (XO) Increase - Decrease  

Antioxidant Defences  

Reduced glutathione (GSH) levels Decrease Decrease  Increase  

Superoxide dismutase (SOD) activity Decrease Decrease Increase  

Catalase (CAT) activity Decrease Decrease Increase  

Glutathione peroxidase (GPx) activity Decrease - Increase  

Glutathione reductase (GR) activity Decrease - Increase  

Oxidative Damage  

Malondialdehyde (MDA) Increase Increase Decrease  

8oxo-7,8dihydro-2deoxiguanosine (8oxodG) Increase - Decrease  

Activation of Nuclear Factor kB Increase - Decrease 
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ture aging. We can present two groups of these models. A) 
Models in which the members of a species with high longev-
ity maintain a better function and redox state of the immune 
cells. B) In the other group of models, subjects showing an 
immunosenescence and oxidative and inflammation stress 
condition, in relation to other members of the group of the 
same chronological age, have a lower life span (Fig. 6).  

A) Model of Females Versus Males and Model of Long 
Living Mice and Human Centenarians 

 In the mammalian species the females, that usually have 
better immune functions than the males [118], also have a 
longer mean life span owing to the effects of the estrogens 
that allow them to live in a less oxidized condition [119], as 
reflected in the better redox state of their leukocytes (data in 
the process of being published).  

 In addition, the human centenarians [105] and the labora-
tory mice with a high mean-life expectancy (data sent for 
publication) are those that maintain better the redox state of 
their immune cells and therefore their immune functions. 

B) Model of Immunosenescence  

B1. Model of Poor Response to Stress and Anxiety: PAM 
Versus NPAM, and Anxious Women Versus Non Anxious 
Women  

 The model, above mentioned, of premature aging con-
firmed in our laboratory on several strains of mice relies on 
the differences in performance among mice of the same sex 
and chronological age when subjected to a T-maze behav-
ioral test [53-55]. The animals that fail the test are “biologi-
cally older,” i.e., suffer premature immunosenescence, show 
a neurochemistry similar to mice of an older chronological 
age and display higher levels of anxiety and emotionality 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). A more developed scheme of the oxidation-inflammation theory than that previously published [4,5]. Aging is a chronic oxi-
dative stress condition (higher levels of oxidants than of antioxidants) affecting all cells, especially those of the regulatory systems, i.e., the 
nervous, endocrine and immune system and the communication among them. This explains the impaired homeostasis and the increased mor-
bidity and mortality found in old age. According to the oxidative mitochondrial theory of aging, the differentiated postmitotic cells are the 
first to suffer damage with age. In animals with a complex immune system the T lymphocytes, and especially the T memory cells (which are 
the most abundant T cells in aged subjects and are also the most postmitotic cells of the immune system) are those that suffer the effects of 
the oxidative stress of aging. In the age-associated re-structuring of the immune cells or immunosenescence, there is a decrease of several 
lymphocyte and phagocyte functions (those related to the acquired immunity), but an increase in other functions, specially those carried out 
by phagocytic cells generating continuously oxidative and inflammatory compounds (cells and functions responsible for the innate immunity 
and present in all animals). These compounds produced in order to eliminate foreign agents, could activate the factor of transcription NF-�B, 
which after reaching certain level of activation stimulates the expression of genes programming the production of higher amounts of those 
compounds. If this process is not regulated well a vicious circle of oxidation-inflammation could be established, which would increase the 
oxidative stress and the inflammatory stress, and consequently accelerate aging. Thus we could conclude that in all animal species the im-
mune cells modulate the rate of aging of each subject. In agreement with this concept, the administration of antioxidants has been shown to 
cut the mentioned vicious circle, improving both the nervous and immune systems, decreasing their oxidative stress, and consequently im-
proving homeostasis and increasing longevity. Other factors of the environment and life style also have to be considered. 
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with respect to animals of the same chronological age that 
perform the test correctly [100]. Moreover, these PAM show 
a greater oxidative stress not only in their immune cells but 
also in the brain, liver, heart and kidney [100], as well as a 
shorter life span than their NPAM counterparts [5]. In addi-
tion, it has also been mentioned that human subjects suffer-
ing chronic anxiety show a significant premature immunose-
nescence [89].  
B2. Menopausal Models  

 Recently, we have stated that ovariectomy in rodents (a 
good model of mimicking human menopause) constitutes 
another model for assessing premature aging, since it accel-
erates immunosenescence and fastens the progression of 
aging in behaviours related to sensor motor abilities and 
neophobia/emotionality. Thus, ovariectomized rats and mice 
show an older biological age that does not correspond with 
their chronological age, a deterioration of general homeosta-
sis in the organism and therefore would constitute an exam-
ple of acceleration of the physiological aging process [118 
and data in the process of publication].  
B3. Obesity Versus Non-Obesity Animals 

 Obese subjects show a higher incidence of infection and 
some types of cancer, suggesting an impaired immune func-
tion. Although there are several studies on the immunologi-

cal state in obese compared to non-obese subjects, and, in 
general, an impaired immune function linked to obesity 
seems to be accepted [120,121] the information is limited 
and often controversial [122]. In addition, obesity is associ-
ated with an inflammatory state [123]. We have recently 
observed that immune cells from genetically obese rats 
(Zucker: fa/fa) show premature inmunosenescence as well as 
an oxidative stress situation (data to be published).  
B4. Transgenic Mice for Alzheimer´s Disease Versus Wild 
Animals 

 Presently it is accepted the role of oxidation and inflam-
mation, at the brain level, in the pathogenesis of Alzheimer´s 
disease (AD) [124, 125]. Recently we have studied in old 
male and female triple-transgenic for AD (3xTg-AD) mice 
(harboring PS1M146V, APPSwe, tauP301L transgenes) in contrast 
to wild type animals behavioural, endocrine and immune 
parameters, as well as the redox state of these mice. The re-
sults indicate that several aspects of the impairment of the 
neuroimmunoendocrine network that occurs with aging are 
more evident in the 3xTg-AD mice, especially in males. This 
supports the hypothesis of a premature immunosenescence 
as a pathogenically relevant factor in AD, which was found 
to be enhanced in the 3xTg-AD males suggesting that this 
could also be responsible for the increased morbidity and 
mortality of these subjects [126]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (6). Relation of the oxidative state of leukocytes, their function and individual longevity. High levels of oxidative stress in the im-
mune system result in an impaired function of its cells and a lower longevity of the subjects having these cells, whereas the contrary situa-
tion, namely low oxidative stress and better function of immune cells, is accompanied by high longevity. In agreement with the above several 
models of premature aging such as PAM (based on the higher anxiety levels of these animals), ovariectomized rats and mice (menopausal 
model) and the transgenic mice model for Alzheimer ´s disease, as well as several models of higher longevity such as being females, long-
líving mice and centenarians, are linked to low and high oxidative stress, respectively, in the immune cells. 
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THE ROLE OF THE IMMUNE SYSTEM IN THE OXI-
INFLAMM-AGING, CONTROLLING THE MEAN 
LONGEVITY, COULD HAVE EVOLUTIONARY 
REASONS AND BE OF UNIVERSAL APPLICATION 

 It is well known that since we are born our immune sys-
tem has to face a great variety of foreign agents and, in order 
to protect the organism against them, needs to release toxic 
oxidant and inflammatory compounds. An adequate produc-
tion of these noxious products is needed to increase the 
probability that a subject survives to reach the age of repro-
duction, what is essential for survival of the species. Obvi-
ously, the immune system has not been well prepared to pre-
serve their defensive functions for a long time, especially 
after the reproductive period. In the case of the members of 
the human species living in developed countries which show 
considerable increases in their mean life span, they, in gen-
eral, suffer the consequences of having a very activated im-
mune system during a long period of time [5,62,63,127, 
128]. As it happens with oxygen use, that allows a very ac-
tive life condition but has as its “side effect” the production 
of noxious ROS, a very active immune system is designed to 
provide protection against the risk of contracting infections 
and tumours to which we are chronically exposed, but has a 
”price”, i.e., that if the oxygen-inflammation-supported func-
tions and resulting stress are not well controlled or the aging 
organism lacks a satisfactory individual adaptation to this 
stress, the senescent process accelerates [5]. Thus, the par-
ticipation of the immune system in the oxi-inflamm-aging 
seems evident, and thus, the immune system can accelerate 
or not the aging process, modulate the biological age and 
consequently the mean longevity. 

Why the Present Increase in the Human Mean Longevity 
is Associated with an Increase in Oxi-Inflamm-Aging and 
Oxidative-Inflammatory Pathologies? 

 Oxidation and inflammation are at the base of most of the 
age-related diseases such as Alzheimer ´s disease, athero-
sclerosis, diabetes and cancer just to mention a few. Thus, it 
has been proposed that these diseases are “the price we pay” 
for a life-long active immune system [128]. The frequency 
and progression of these diseases seem dependent on the 
genetic background of individuals. In fact, emerging evi-
dence suggest that pro-inflammatory genotypes are related to 
unsuccessful aging and the increase of chronic inflammatory 
diseases, especially in old age [129]. We suggest, that if 
there is now a high frequency of these diseases, it is a conse-
quence of the fact that in the establishment of our species the 
individuals with pro-inflammatory and pro-oxidant geno-
types were able to reach the reproductive age with more 
probabilities, since they were more capable of surviving to 
infections. Presently, we suffer the consequences of that evo-
lutionary advantage.  

Can the Immune Cells be Involved in the Rate of Aging 
in all Kind of Animals and thus can have the Immune 
System Role in Aging a Universal Application?  

 Based on all the above, we can conclude that “the im-
mune theory of aging” such as was originally proposed 
[130], can not be accepted since this theory proposed as the 
cause of organism senescence the decrease of the immune 

function and this concept does not follow the principle of 
universality of Strehler. We should keep in mind that not all 
animal species have immune systems as complex as those of 
the mammals. Nevertheless it seems evident, based on all the 
above information, that the leukocytes can play a fundamen-
tal role in aging. We suggest that this role in the rate of aging 
can be of universal application. Confirmation of this idea 
could be found in the fact that the immune cells producing 
oxidant and inflammatory compounds in the highest 
amounts, and even more with aging, are those responsible 
for the innate immunity, especially the phagocytic cells 
which are found, with different denominations, in all ani-
mals, including the invertebrates. Moreover, the master regu-
lator of the innate immunity is the NF-�B system, an ancient 
signalling pathway found in both insects and vertebrates, and 
it is needed to consider that NF-�B signalling seems to be 
the culprit of inflamm-aging [115].  
 If the immune system is relatively well known in verte-
brate animals, in which, as it has been mentioned above, the 
innate and adaptive immunity collaborate, increasing the 
efficiency of immune responsiveness, in invertebrates this 
system is less known. However, it is presently accepted that 
all animals and even the plants, have some sort of immunity, 
although they do not have components of adaptive immu-
nity. Thus, it seems that an innate immunity is found already 
in unicellular organisms, but evolution has added novel 
adaptive immune responses to the defense mechanisms. As 
mentioned above, during aging, adaptive immunity declines, 
whereas innate immunity, in several aspects, seems to be 
activated, inducing a pro-inflammatory profile. An evolu-
tion-related view of inmunosenescence should explain why 
acquired immunocompetence, which is more specialized and 
obtained more recently in evolution, is the most impaired 
with age whereas the innate immune response, older and less 
specific, is better preserved and may be even stimulated in 
excess in the aging organism [115] (Fig. 5). In agreement 
with the above, we have observed that in the peritoneal im-
mune cell populations of mice, as in blood immune cells of 
human subjects, the macrophages and neutrophils, respec-
tively, are the immune cells responsible for the generation of 
higher levels of oxidant compounds than those produced by 
lymphocytes, and these levels significantly increase with age 
in those phagocytic cells [5] (Table 4). Thus, it is probable 
that the macrophages, which as already pointed out are found 
in all animals, are implicated in the chronic oxidative and 
inflammatory stress of senescence due to their high age-
related increase in the production of ROS and inflammatory 
cytokines [4,5,68,78]. 
 In non-vertebrate phyla, whose immune system has been 
scarcely studied, there is no equivalent of a lymphoid linage 
and thus, as it has been shown in insects, they lack an ac-
quired immunity based on the presence and function of lym-
phocytes [131]. Nevertheless, the invertebrates produce in-
flammation-like responses and cytotoxic free radicals during 
infection, and other defensive actions, through a cellular and 
humoral immune system similar to the innate immune sys-
tem of vertebrates [131-135]. Thus, several insect species 
produce small peptides in response to infections with strong 
antimicrobial activity. We should also remember that the 
Toll-like receptors (TLR) were first found in Drosophila 
melanogaster, and that these receptors are mediators of in-
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flammatory response [136,137]. Although it has not been 
studied yet, it is possible that in invertebrates the immune 
system may be able to modulate the rate of aging. 
 Thus we can conclude that in all animal species the im-
mune cells could modulate the rate of aging of each subject 
and thus be involved with the mean longevity. Moreover, we 
suggest that the immune system, concretely the innate im-
munity, using its above commented anti-homeostatic role, is 
an important tool of evolution for eliminating old subjects of 
each species.  

COMPATIBILITY AND INTEGRATION OF THE 
OXIDATIVE-MITOCHONDRIAL AND THE OXIDA-
TION-INFLAMMATION THEORIES OF AGING 

 In view of the convenience of attempts to integrate com-
patible and complementary concepts on the mechanisms of 
aging at the various levels of biological organization 
[9,24,138], it seems opportune to consider if the above sum-
marized oxidation-inflammation theory [4,5] is compatible 
with the concept of the oxygen stress-mitochondrial genetic 
injury (or oxidative-mitochondrial theory) proposed by the 
group of Miquel [2,3,29]. In agreement with the above, it is 
logical to accept that the oxygen stress due to the generation 
of ROS in immune cells in order to support their functions 
(especially the ROS produced in the cytoplasmic membranes 
of phagocytes) are involved in the senescent dysfunction of 
these cells. In addition, the oxidative stress linked to the pro-
duction of ATP in mitochondria may contribute to the senes-
cent involution of the immune cells. This could be more evi-
dent in the T lymphocytes, specially the T memory cells that 
can survive for a long time in the postmitotic condition like 
the fixed postmitotic cells of the nervous and endocrine sys-
tems, which are affected by mitochondrial damage. Moreo-
ver, an increase of memory T cells and a decrease in the rela-
tive proportion of naïve T cells occur with advancing age. In 
addition, it is interesting to remember that the secretions of 
the cells of those systems, i. e.: neurotransmitters and hor-
mones, modulate the immune functions and this modulation 
changes with age [95]. In agreement with the above, an elec-
tron-microscopic study by our group has shown that the 

lymphocytes from aged mice accumulate abundant granules 
of lipofuscine [5], a pigment that is the end-product of the 
oxidative disorganization and auto-digestion of mitochondria 
[31]. In addition, although it is commonly assumed that neu-
trophils posses few, if any, functional mitochondria and that 
they do not depend on these organelles for cell function, 
there is research indicating that intact mitochondrial function 
is required to sustain some neutrophil functions in infections 
and inflammations [139] (Fig. 5).  
 Therefore we can conclude that the oxidation-inflamma- 
tion and the oxidative-mitochondrial theories can be inte-
grated in order to gain a better understanding of the sub-
cellular and cellular mechanisms of senescence of the im-
mune system, which like other physiological systems relies 
on a “symbiosis” of often-dividing and fixed postmitotic 
cells. In our opinion, this new integration of two theories 
may allow a better understanding of the key role played by 
the above mentioned two kinds of oxygen stress (from cyto-
plasmic-membrane and from mitochondrial origin) in the 
aging of the immune system and the organism.  

ROLE OF ANTIOXIDANTS IN THE IMMUNE CELLS: 
A STRATEGY TO REVITALIZE THE IMMUNE 
FUNCTION AND HOMEOSTASIS IN AGING: CON-
FIRMATION OF THE OXIDATION-INFLAMMA- 
TION THEORY  

 Presently the existence of an oxidant-antioxidant imbal-
ance in aging is accepted, and the first observations suggest-
ing a key role for oxidative injury in aging were, precisely, 
those showing the favorable effects of endogenous and die-
tary antioxidants, which have been demonstrated in experi-
mental animals and human subjects [140]. Although it was 
published that the levels of several antioxidants in diverse 
species correlate with the maximal longevity of those species 
[141], and that the over-expression of antioxidant enzymes 
such as SOD and CAT in transgenic animals is related with 
an increase of both mean and maximal life span [142], more 
recent work has demonstrated that species that live longer 
have lower levels of antioxidants, since they produce lower 
levels of ROS than the species with lower maximum longev-

Table 4. Comparative Age-Related Changes in the Levels of Oxidants, Pro-Inflammatory Compounds, Antioxidant Defenses and 
Oxidative Damage to Lipid in Peritoneal Macrophages and Lymphocytes from Mice and Neutrophils and Lymphocytes 
from Human Peripheral Blood 

Oxidant and Pro-Inflammatory Compounds Macrophages and Neutrophils Lymphocytes 

Oxidized glutathione (GSSG) levels 

Oxidized/reduced glutathione (GSSG/GSH)  
No change 

Antioxidant Defences   

Total Glutathione 

Reduced glutathione (GSH) levels 
Superoxide dismutase (SOD) activity   

Oxidative Damage   

Malondialdehyde (MDA) 
 

No change 
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ity [143]. Nevertheless, in each species to maintain appropri-
ate levels of antioxidants is relevant to the biological age, 
and consequently to the mean longevity, of the members of 
that species, as it will be indicated later. 
 A direct link between oxidative stress, aging and human 
diseases can be further established by studies analyzing the 
impact of variation in human genes encoding for antioxidant 
defense systems [144]. Moreover, the endogenous antioxi-
dants decrease in oxidative stress situations, such as endo-
toxemia and aging, because they are spent neutralizing the 
excess of ROS [4,5,112,140]. Thus, presently it is generally 
accepted that longevity may be associated with an optimal 
antioxidant protection, and that the senescent decrease in 
antioxidant levels supports the free radical theory of aging 
and provides a rationale for attempts to decrease the rate of 
aging by supplementing the diet with antioxidants [4,5,57, 
140].  
 The ingestion of a diet enriched with antioxidants seems 
adequate for maintaining an optimum redox balance and 
therefore protecting the aging organism against oxygen 
stress. Thus, the administration of compounds such as vita-
mins C and E, polyphenols and sulfuric antioxidants (taurine, 
thioproline (TP) and N-acetylcisteine (NAC), among others), 
which are precursors of glutathione (GSH), in isolation or in 
nutritional formulations containing several compounds, may 
be recommended, because of their antioxidant and anti-
inflammmatory action, for use in both laboratory animals 
and human subjects. In fact, previous studies from our labo-
ratory in chronologically-old mice, in PAM, and in elderly 
men and women, have demonstrated the beneficial effect of 
those antioxidants, which show important favorable effects 
on health, acting on the nervous and the immune systems 
[4,5,57,79,140,145-160] (our results summarized in Table 3). 
We have observed that supplementation of the diet with 
those antioxidants not only improves the immune function in 
aging mice, bringing it to adult values, but also neutralizes 
the oxidative stress, thus helping to reach values of oxidants, 
antioxidants and biomolecular damage similar to those of 
adults and NPAM in mice and adults in humans (results 
summarized in Table 3 and Fig. (7)). Moreover, our group 
has observed that the lymphocytes from old mice after inges-
tion of a diet supplemented with thiol antioxidants did not 
show the lipofuscin pigments present in control animals [5]. 
 In addition, in the performance of their function the leu-
kocytes may exhaust their reserves of antioxidants [161]. 
This could help to explain why in both laboratory animals 
and human subjects, the homeostasis-linked functional com-
petence of the immune sytem in the adult age improves after 
diet supplementation with appropriate amounts of antioxi-
dants such as vitamin C, vitamin E, thiol antioxidants and 
polyphenols [162-164].  
 Since the favorable action of the antioxidants on the im-
mune system is expressed in an increase of the functions that 
are depressed and a decrease of those that are excessively 
active, the antioxidants can not be considered general immu-
nostimulants. In fact they may bring each immune function 
and redox state to its optimum, thus acting as immunomodu-
lators [165]. This modulating ability appears to be focused at 
the level of the ubiquitous intracellular factors implicated in 
oxidation and inflammation, such as the NF-�B [112]. 

 This regulatory role of the antioxidants would be per-
formed not only on the immune system, but also on the other 
regulatory systems, including the nervous system, in which 
the oxidative stress also underlies its senescent impairment. 
Thus, as a matter of fact it is accepted that the antioxidants 
play a role in the recovery of a great number of nervous 
functions [21]. Moreover, in the PAM the ingestion of thiolic 
antioxidants not only improves the immune function, but 
also the behavioral response [100,145]. Moreover, interest-
ingly, this immune “rejuvenation” as well as the improve-
ment of the nervous system is apparent in the laboratory 
mice showing the greatest longevity [4,5]. In unpublished 
work from our laboratory we have also found that chrono-
logically old mice and PAM with an antioxidant supple-
mented diet (a mixture of antioxidants, such as vitamin C, 
vitamin E, �-carotene, zinc and selenium, in very little 
amount, and TP and NAC) show a significant increase in 
their life span. According to a recent review, antioxidants 
able to neutralize free radicals at their sites of production in 
the mitochondria such as NAC and alpha-lipoic acid, although 
unable to increase the species-characteristic maximum life 
span, may increase mean individual longevity [140]. 
 The results obtained in the immune system of humans 
after diet supplementation with antioxidants are due to a de-
crease of the oxidative stress in these cells, in a similar way 
to that observed in leukocytes from mice. Since the im-
provements in the immune functions found with antioxidant 
supplementation are similar in humans and mice, and be-
cause these changes in mice are accompanied by an increase 
in life span, it is probable that similar effects could be ob-
tained in humans (Fig. 5 and 7).  

Role in Aging of Glutathione (GSH) and Other Sulfuric 
Antioxidants that Increase Its Levels: Unpublished Re-
sults on the Direct Effect of these Antioxidants on the 
Immune Cells from Old Mice 

 The oxidant-antioxidant imbalance in aging can be re-
flected in a deficiency of GSH, an antioxidant that has a 
relevant role in aging. GSH is the most abundant non-protein 
thiol in mammalian cells, in which it is essential for survival 
[166]. This tripeptide shows many important cellular func-
tions, among which we can mention its role regulating en-
zymatic activity and especially as redox buffer maintaining a 
given thiol/disulfide redox potential and protecting the cell 
against oxidants [167]. Since all cell functions depend to a 
high degree on the redox reactions of the thiol compounds, 
the preservation of adequate levels of GSH or of other thiolic 
or sulfuric compounds during aging is essential for an ade-
quate activity of cells in general and especially for those of 
the nervous and immune systems, and therefore for health of 
the aging subjects. Studies performed in aged experimental 
animals and elderly people showed a decrease in the GSH 
levels, in plasma, blood, organs and immune cells [78,147, 
168]. In fact it has been shown that the organelles and cells 
of the aged animals contain less GSH than those of the 
young, and this decrease becomes more striking at the age 
when mortality shows a marked increase. Thus, the admini-
stration of GSH, because of its protective effect against the 
oxidative stress of the DNA of mitochondria and the GSH 
loss in these organelles with age, is able to increase life ex-
pectancy in laboratory animals [36]. Some work carried out 



3020    Current Pharmaceutical Design, 2009, Vol. 15, No. 26 De la Fuente and Miquel 

by us shows that the administration by diet of antioxidants 
that increase the levels of GSH such as TP and NAC, im-
proves the immune function in chronologically aged humans 
and experimental animals, as well as in PAM [147-155]. The 
responsible intracellular mechanism could be the regulation 
of the activation of NF�B. In fact we have observed that 
NAC decreases the activation of this factor in immune cells 
[111,112] and we have also described that intracellular GSH 
deficiency is associated with enhanced NF�B activation in 
older non-insulin dependent diabetic patients [169]. 

 Based on the above and on previous results obtained by 
us studying the effect in vitro of thiolic antioxidants on 
macrophages and NK cells from adult mice [170-172] and 
NK cells from old mice [173], we carried out an experiment 
in vitro to test the effects of TP (1 mM, the concentration 
most effective in the previous studies) on several functions 
of lymphocytes from axillary nodes, spleen and thymus of 
old Swiss mice. Moreover, we used in parallel GSH (5 mM, 
which was also the most effective concentration in the previ-
ous experiments) to compare the effect of both antioxidants. 
The results are shown in Table 5. As can be seen both anti-
oxidants, TP and GSH, increase the spontaneous mobility, 
the directed mobility to the infectious focus (chemotaxis) 
and the proliferative response to the mitogen concanavalin A 
(ConA) in leukocytes from the three immune organs. In all 

cases the values become close to those seen in cells from 
adult animals, a response similar to that found in our previ-
ous work on those lymphocyte functions studied in vivo in 
old Swiss mice fed with a diet supplemented with TP 
[150,151]. The effect of both antioxidants is similar in the 
immune functions studied. Thus we can suggest that the ef-
fects observed in vivo on the immune function after supple-
mentation with TP are due to the direct action of this anti-
oxidant, and those effects could be mediated, at least in part, 
by the increase of GSH in the immune cells. Moreover, as 
can be seen in Table 6, those concentrations of GSH and TP 
increase significantly the viability of leukocytes from axil-
lary nodes, spleen and thymus throughout 72 hours of cul-
ture, and the differences with respect to the controls increase 
with the time of incubation, the GSH being the most effec-
tive.  

Confirmation of the Oxidation-Inflammation Theory 

 The above mentioned oxidation–inflammation theory of 
aging can be supported by all those results with antioxidants, 
since the administration of adequate amounts of antioxidant 
compounds in the diet is a strategy of environmental condi-
tions, including life style, which allows to break the vicious 
circle of the oxi-inflamm-aging. Thus, the oxidative and in-
flammatory stress, that appears to play a fundamental role in 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (7). Role of antioxidants on the function, redox and inflammatory state of immune cells with aging. The age-related changes in the 
function and redox parameters of the immune cells are modulated by the ingestion of appropriate amounts of antioxidants that bring the val-
ues of these parameters, in elderly humans and in chronologically old or prematurely aging experimental animals, closer to those in the cor-
responding adult subjects or non-prematurely aging controls. In mice, the animals ingesting antioxidants in the diet show an increase in their 
longevity. The information of the figure summarizes the results obtained in the laboratory of De la Fuente with respect to the effects of anti-
oxidants on the aging immune system. In elderly men and women, we have studied the effect of Vitamin C and vitamin E ingested for 4 or 3 
moths (1000mg/day or 500mg/day of vitamin C and 200 mg/day of vitamin E) [4,79,146,] and NAC (600mg/day for 2 and 4 months) [147]. 
In old mice, administration of TP (0.07% or 0.1%w/w) for 9 months [150] and for 5 weeks [151]. In PAM, intake for 5 weeks of TP [152] 
NAC [148,149] and of TP+NAC (0.1%w/w) [154,155]. The amount of these thiolic antioxidants needed to have a favourable effect is higher 
in aged than in adult mice [153]. Further, administration of a mixture of antioxidants (vitamin C, vitamin E, �-carotene, zinc and selenium) 
for 5 weeks [156-158], polyphenol-rich cereals [159] and soybean isoflavones [82,160] also improves the parameters studied.  



An Update of the Oxidation-Inflammation Theory of Aging Current Pharmaceutical Design, 2009, Vol. 15, No. 26    3021 

Table 5. Effect In Vitro of GSH (5 mM) and TP (1 mM) on the Mobility (Spontaneous and Directed or Chemotaxis) and Prolifera-
tive Response to the Mitogen ConA in Lymphocytes from Axillary Nodes, Spleen and Thymus of old Swiss Mice 

Old Mice Adult Mice  

Old controls GSH TP Adult Controls  

Axillary Nodes  

Spontaneous mobility 235±55 325±76*c 376±89**c 491±134# 

Chemotaxis 282±56 366±94*c 396±85**c 942±122# 

Proliferation to ConA 0.267±0.058 0.524±0.114***a 0.464±0.118***c 0.618±0.080# 

Spleen  

Spontaneous mobility 256±59 423±108*** 390±91** 468±96# 

Chemotaxis 356±92 453±107c 481±93*c 757±190# 

Proliferation to ConA 0.463±0.059 0.633±0.163*** 0.809±0.130***c 0.635±0.102# 

Thymus  

Spontaneous mobility 240±56 422±87*** 402±73*** 461±88# 

Chemotaxis 418±67 531±100*c 494±63*c 693±153# 

Proliferation to ConA 0.392±0.060 0.526±0.101*** 0.511±0.073*** 0.524±0.082# 

Each value is the mean±SD of 12 experiments. *p<0.05, **p<0.01, ***p<0.001 with respect to the corresponding controls. #p<0.001 with respect to the old controls. ap<0.05, bp<0.01, 
cp<0.001 with respect to the adult controls. The methods carried out for analyzing the functions indicated have been previously described [151]. Spontaneous mobility and chemotaxis 
are expressed as number of cells _____ [151]; Proliferation as absorbance. 

Table 6. Effect In Vitro of GSH (5 mM) and TP (1 mM) on the Viability (%) of Lymphocytes from Axillary Nodes, Spleen and 
Thymus of Old Swiss Mice at Different Time of Culture 

Time (h) Antioxidant Axillary Nodes Spleen Thymus 

Controls 86 ± 6 96 ±3 93 ± 6 

GSH 92 ± 3** 96 ± 3 98 ± 2* 1 h 

TP 89 ± 4 97 ± 3 96 ± 2 

Controls 82 ±5 85 ± 6 91 ± 6 

GSH 89 ± 5* 92 ± 4** 97 ± 2* 4 h 

TP 87 ±6 94 ± 5**  96 ± 3* 

Controls 82 ±3 79 ± 7 88 ± 7 

GSH 88 ± 4* 86 ± 7** 91 ± 7* 6 h 

TP 84 ±3 88 ± 6** 90 ± 6* 

Controls 68 ±8 73 ± 7 71 ± 9 

GSH 79 ± 8* 84 ± 3*** 77 ± 8** 24 h 

TP 70 ±9 80 ± 6** 76 ± 7* 

Controls 33 ±10 64 ± 9 56 ± 10 

GSH 72 ±7*** 76 ± 7** 66 ± 8** 48 h 

TP 63 ± 12** 72 ± 6** 66 ± 8** 

Controls 23 ± 7 51 ± 11 24 ± 7 

GSH 67 ±12 *** 70 ± 6** 55 ± 14*** 72 h 

TP 53 ±7 *** 65 ± 5** 34 ± 7** 

Each value is the mean±SD of 8 experiments. *p<0.05, **p<0.01, ***p<0.001 with respect to the corresponding controls. The cellular viability was evaluated by the trypan-blue 
exclusion test [170].  
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the aging of the immune system and other regulatory sys-
tems, can be counteracted to certain degree by antioxidant 
administration. In view of all the above it seems reasonable 
to propose that an adequate antioxidant diet supplementation 
may be a useful procedure to slow down the age-related ho-
meostatic impairment and thus improve the health and bio-
logical age of subjects and increase their longevity (Fig. 5).  

CONCLUSIONS AND FUTURES RESEARCH 

 In summary, aging is a loss of homeostasis related to a 
chronic oxidative stress, i.e. to an imbalance in the antioxi-
dant/oxidant levels with an increase in ROS production and a 
decrease in antioxidant defenses. This chronic oxidative 
stress injures cells and all physiological systems, but the ef-
fects are more evident in the regulatory systems, such as 
nervous, endocrine and immune systems that allow the main-
tenance of homeostasis in the organism and therefore pre-
serve health. This alteration could explain the impaired ho-
meostasis that leads to an increase in the morbidity and mor-
tality of aging. Focusing on the immune system, it produces 
oxidants and inflammatory compounds in its daily work, and 
if its function is not well regulated it can go into a vicious 
circle that maintains the state of chronic oxidative and in-
flammatory stress, and consequently increases the rate of 
aging of organisms. Thus, we propose an oxidation-inflamm- 
ation theory of aging, or oxi-inflamm-aging, in which the 
immune system could have an important role. Moreover, an 
adequate nutrition, with antioxidant supplementation can 
neutralize in part the oxidative and inflammatory stress and 
the vicious circle of oxidation produced by the immune cells. 
More research is needed in order to provide further support 
for our hypothesis. The study of age-related genes is pres-
ently a focus of attention for much research, and this is an 
excellent subject of study. However, we propose also to in-
vestigate how epigenetic mechanisms acting on genes cause 
the loss of homeostasis, and the rate of this loss, since it is 
different for each subject. Moreover, we have to elucidate 
how the environment factors affect this rate from fetal life 
throughout the life of the subject. This seems the best way to 
be able to slow down the unavoidable aging process in each 
subject (Fig. 1).  
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ABBREVIATIONS 
AD = Alzheimer´s disease 
An-I = Anti-inflammatory compounds 
Ax = Antioxidants 

cAMP = Cyclic adenosine monophosphate 
CAT = Catalase 
DAG = Diacylglycerol 
GPx = Glutathione peroxidase 
GR = Glutathione reductase 
GSH = Reduced glutathione 
GSSG = Oxidized glutathione 
HO. = Hydroxil radical 
H2O = Water 
H2O2 = Hydrogen peroxide 
IL = Interleukin 
IP3 = Inositol triphosphate 
MAPK = Mitogen-activated protein kinase 
mtDNA = mitochondrial DNA 
NAC = N-acetylcysteine 
NF�B = Nuclear factor kappa B 
NK = Natural killer cells 
NPAM = Non-prematurely aging mice 
O2 = Molecular oxygen 
O2

-. = Superoxide anion radical 
PAM = Prematurely aging mice 
PAMPs = pathogen-associated molecular patterns 
P-I = Pro-inflammatory compounds 
PKC = Protein kinase C 
ROS = Reactive oxygen species 
SIRT1 = Sirtuin 1 
SOD = Superoxide dismutase 
TNF� = Tumor necrosis factor-alpha 
Tc = Lymphocytes T cytotoxic 
Th = Lymphocyte T helper 
TP = Thioproline 
Treg = Lymphocyte T regulator 
TLR = Toll-like receptor 
XO = Xantin oxidase 
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 Aging Process, Biological Age Concept and 
Longevity 

 The universal process of aging may be defined as a 
progressive and general decrease of organism functions 
that leads to a lower ability to adaptively react to changes 
and preserve homeostasis. This accumulation of adverse 
changes with the passing of time, although they should 
not be considered a disease, strongly increases the risk of 
disease and finally results in death. However, the aging 
process is very heterogeneous and, thus, there are differ-
ent rates of physiological changes in the various systems 
of the organism and in the diverse members of a popula-
tion of the same chronological age. This justifies the in-
troduction of the concept of ‘biological aging’, which de-
termines the level of aging experienced by each individ-
ual and therefore his life expectancy. Thus, biological age 
is related to mean longevity, which can be defined as the 
mean of the time that the members of a population that 
have been born on the same date live. Subjects of a popu-
lation with a higher rate of aging show an older biological 
age and a shorter life span.

  Although many single-cause theories have been pro-
posed to explain the aging process, an integrated theory 
of aging has also been recently published  [1] . In answer to 
the question ‘how’ does aging happen, we propose that 
the aging process is a chronic oxidative stress condition 
(increase of oxidant compounds and decrease of antioxi-

 Key Words 
 Immunosenescence  !  Premature aging  !  Enriched 
environments 

 Abstract 
 Communication between the nervous and the immune sys-
tems suffers impairment with aging, which explains the al-
tered homeostasis and the resulting increase of morbidity 
and mortality in aged subjects. In humans, rats and specially 
in mice, we have proposed several models to study this fact. 
The established models of premature aging have been mice 
and humans with poor response to stress and anxiety versus 
subjects of the same chronological age without that charac-
teristic, isolation, males versus females, menopausal models 
(in rodents after ovariectomy) and obesity. In all cases, the 
prematurely aged animals suffer an alteration of the nervous 
system (shown by behavioral tests) and immunosenescence 
as well as oxidative and inflammatory stress, which is fol-
lowed by early mortality. In addition, in the above-men-
tioned models and in normal chronological aging, we have 
observed the effect of several lifestyle strategies, such as in-
gestion of adequate amounts of antioxidants, performance 
of moderate physical exercise, and different kinds of envi-
ronmental enrichment, which improve the function of the 
immune cells and their redox state as well as animal behav-
ior. Therefore, they retard the aging process and seem to in-
crease the longevity of the individuals. 

 Copyright © 2010 S. Karger AG, Basel 

 Published online:  $   $   $  

 Prof. Mónica De la Fuente, PhD 
 Department of Physiology (Animal Physiology II), Faculty of Biology
Complutense University of Madrid 
 José Antonio Novais 2,   ES–28040 Madrid (Spain) 
 Tel. +34 91 394 4989, Fax +34 91 394 4935, E-Mail mondelaf   @   bio.ucm.es 

 © 2010 S. Karger AG, Basel
1021–7401/10/0173–0213$26.00/0 

 Accessible online at:
www.karger.com/nim 

NIM735.indd   213NIM735.indd   213 02.12.2009   08:43:1802.12.2009   08:43:18



 De la Fuente   /Gimenez-Llort   

 

Neuroimmunomodulation 2010;17:213–216214

dant defenses), which is linked to many age-related 
changes that affect a large number of parameters includ-
ing morphology, physiology and behavior at all levels of 
organization: molecular, cellular, tissue, organic and that 
of the whole individual. In addition, since emerging 
 evidence shows a close link between oxidation and in-
flammation, and with aging the pro-inflammatory com-
pounds increase to levels higher than those of the anti-
inflammatory compounds, leading to inflammatory 
stress, an oxi-inflamm-aging has been proposed as the 
cause of the loss of function that appears with senes-
cence  [1] .

  Neuroendocrine-Immune Communication in Aging: 
Role of the Immune System in Loss of Homeostasis 
of Aging 

 With aging there is an impairment of the physiological 
systems in which the regulatory systems, namely the ner-
vous, endocrine and immune systems, are the most af-
fected as well as neuroendocrine-immune communica-
tion. Moreover, we have to realize that aging of the im-
mune and neuroendocrine systems are interdependent 
processes  [2] . Thus, age-related alterations of the regula-
tory systems lead to loss of homeostasis and therefore to 
the increase in morbidity and mortality that appears with 
age  [1, 3]  ( fig. 1 ). Although the proposed concept of ho-
meorrhesis, which refers to the fact that the set point of 
homeostasis changes during the different phases of life, 
including aging  [2] , is acceptable, it is evident that the lev-
el of homeostasis established in aged subjects is not very 
appropriate to confirm adequate functions. In fact, only 
aged individuals that maintain functional parameters 
healthy at the levels of adults reach very high longevi-
ty  [1] .

  In addition, age-related changes are linked to chronic 
oxidative and inflammatory stress affecting all cells of 
the organism and specially those of the regulatory sys-
tems, which explains their impaired function  [3] . More-
over, the immune system, due to its capacity of producing 
oxidant and inflammatory compounds in order to elim-
inate foreign agents, could be involved with the rate of 
aging if its age-related oxidative and inflammatory stress 
is not controlled. Thus, the changes in the immune sys-
tem with age, denominated immunosenescence, could 
accelerate aging of the organism. In this context, a rela-
tion between the redox and inflammatory state of the im-
mune cells, their functional capacities and the life span 
of the subjects has been proposed  [1, 3]  ( fig. 1 ). In fact, 

human centenarians show levels of oxidative stress and 
function similar to those in adults (30-year-old) and low-
er oxidative stress and better function than those found 
in 70-year-old subjects in their immune cells  [4] . Similar 
finding have been obtained on very long-lived mice  [5] .

  Models for the Study of Aging of 
Neuroimmunomodulation  

 Support for the above-mentioned hypotheses may be 
obtained by the study of animal models in which subjects 
have an altered nervous system, with abnormal behavior 
parameters, immunosenescence as well as a great oxida-
tive and inflammatory stress in its immune cells, and de-
creased longevity. In this context, we have investigated 
the following models ( fig. 1 ):

  Models of Poor Response to Stress, Anxiety and 
Depression in Mice and Humans 
 We have established a model of premature aging in 

mice based on altered stress-related behavioral response 
and immunosenescence  [6] . The premature aging mice 
(PAM) show, with respect to non-PAM (NPAM) of the 
same chronological age, an impaired behavioral response 
with increased levels of anxiety, deficient immune func-
tion, oxidative stress and decreased life span  [6] . A mod-
el of depression in mice has been proposed based on iso-
lation of females in old age. These animals show altered 
behavior, immunosenescence and oxidative stress. More-
over, human subjects with stress-related disorders and 
suffering from anxiety or depression show a significant 
immunosenescence and oxidative stress  [7] .

  Males versus Females 
 In mammalian species, females have a longer mean 

life span than males, which seems to be an effect of their 
less oxidized condition, in part due to the estrogens. 
Thus, we have observed this different life expectancy 
both in rats and mice, and that immune functions are 
better in females than males. Moreover, the redox state of 
female leukocytes is better than that of males  [1, 8] .

  Menopausal Models 
 Menopausal women as well as ovariectomized rats 

and mice (a good model for mimicking human meno-
pause) show premature immunosenescence and high ox-
idative stress situation  [1, 8, 9] . This premature aging 
model in mice is also confirmed by alterations of several 
behavior parameters [unpubl. data].
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  Obesity Models 
 Obese subjects, compared to nonobese subjects of the 

same chronological age, show worse immune functions 
and high oxidation-inflammation stress, which have 
been observed in both genetically and diet-induced obese 
rats  [1] .

  Strategies for the Improvement of 
Neuroimmunomodulation in Aging 

 The oxidation-inflammation theory of aging is sup-
ported by work on the above-mentioned different mod-
els. Moreover, the basis of the age-related deterioration 
of the homeostatic systems and their communication is 
the chronic oxidative stress, and this is increased more 
or less depending, in part, on the degree of control of 

oxidation and inflammation of the immune system of 
each subject, which is related to the function capacity of 
its immune cells  [1] . Therefore, it is convenient to test
the effects of strategies based on improving several life-
style environmental factors to retard the aging process, 
analyzing immune cell functions and their redox state. 
Further, the study of behavior parameters could give a
more convincing confirmation of the proposed theory 
( fig. 1 ).

  Role of a Diet Enriched with Antioxidants 
 In experimental animals and human subjects, the in-

gestion of a diet enriched with adequate amounts of an-
tioxidants has been shown to be useful for maintaining 
an optimum redox balance, decreasing oxygen stress in 
immune cells and improving their function. Moreover, in 
mice, the ingestion of antioxidant improves the nervous 

AGING

+

–

–
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pro-inf

Chronic
oxidative and 
inflammatory

stress

MORBIDITY
MORTALITY

+

Nervous system
(behavior parameters)

Endocrine system
(hormonal levels)

Immune system
(immune cell functions)

Impaired
homeostasis

Improved homeostasisMore and healthier longevity

ROS, pro-inf
(NF!B over-expression)

Models for study 
of NIM aging

(humans and rodents)

A) Poor response to
     stress, anxiety and 
     depression
B) Males versus females
C) Menopausal models
D) Obesity

*Higher oxidative stress
(immune and other cells)

*Worse function of immune cells
*Worse behavioral response

*Lower longevity

Strategies for improvement
of NIM in aging
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(adequate amount of antioxidant compounds)
Physical activity
Environmental enrichment
(physical and mental activity)

*Improve redox state of immune
and other cells

*Improve immune cell functions
*Improve behavior response 

Older
biological
age

  Fig. 1.  Aging is a chronic oxidative stress condition affecting all 
cells, especially those of the regulatory systems, i.e. the nervous, 
endocrine and immune system, and the communication among 
them. This explains the impaired homeostasis and the increased 
morbidity and mortality found in old age. In humans and rodents 
we have proposed several models for the study of aging of neu-
roimmunomodulation (NIM). Animals with poor response to 
stress, anxiety and depression, males versus females, females with 
menopause/ovariectomy, and subjects with obesity show high ox-
idative stress in the immune and other cells, and impaired im-

mune cell functions and behavioral responses. Thus, they have an 
older biological age and consequently show lower longevity. 
 Several lifestyle strategies, such as adequate ingestion of antioxi-
dant compounds, the performance of physical activity and appro-
priate environmental enrichment, improve immune functions, 
redox state and behavioral responses. Thus, they retard the aging 
process, improving homeostasis and increasing the longevity
of the individuals. Ax = Antioxidant compounds; anti-inf = anti-
 inflammatory compounds; ROS = reactive oxygen species;
pro-inf = pro-inflammatory compounds.   
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function and consequently the behavior response. Since 
these effects are similar in mice and humans and because 
these changes in mice are accompanied by an increase in 
life span, it is probable that a similar effect could be ob-
tained in humans  [1, 3, 9] . We have also observed these 
effects in the mice anxiety model of PAM  [6] .

  Role of Physical Activity 
 A moderate physical activity improves immune cell 

function and the redox state in both humans and rodents. 
Moreover, a moderate amount of physical exercise in-
creases the level of antioxidant defenses in the immune 
cells  [10] .

  Role of Environmental Enrichment 
 Enriched environments by intellectual and/or physi-

cal activities have been found to slow down many adverse 
effects of aging. Two different kinds of environmental en-
richment have been used on mice to study their effect on 
behavior, immune cell functions, oxidation state and lon-
gevity. One of the environmental enrichments consisted 
of diverse objects of different shapes and colors (changed 
every 2 days) placed in the cages. The animals submitted 
to this strategy of lifestyle show an improvement in be-
havior parameters, immune functions and redox state. 
Moreover, their longevity was increased. A new environ-

mental enrichment strategy for improvement in behav-
ior, immune cell functions and redox state in mice has 
been hydrotherapy (bath for 15 min, 5 days a week for 2 
or 4 weeks) ( fig. 1 ).

  Conclusions 

 There are several animal models for studying the ag-
ing of neuroimmunomodulation and confirming the role 
of the immune system in oxi-inflamm-aging. In these 
models, the subjects with worse behavior responses, im-
mune functions and redox state show premature aging 
and early mortality. Several lifestyle strategies such as a 
better nutrition with adequate amounts of antioxidant 
compounds, mental and physical activity, and social rela-
tions seems useful to improve nervous and immune func-
tions as well as the redox state and therefore retard the 
unavoidable aging process and increase the longevity of 
those subjects ( fig. 1 ).

  Support 
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Murine models of premature ageing for the study of diet-induced
immune changes: improvement of leucocyte functions in two strains
of old prematurely ageing mice by dietary supplementation with

sulphur-containing antioxidants

Mónica De la Fuente*
Department of Physiology, Faculty of Biology, Complutense University of Madrid, 28040 Madrid, Spain

Several immune functions are markers of health, biological age and predictors of longevity.
A chronic oxidative and inflammatory state is the main cause of ageing and the immune system
is involved in the rate of ageing. Thus, several murine models of premature ageing have been
proposed owing to their early immunosenescence and oxidative stress, such as ovariectomised
rats and mice, obese rats and anxious mice. In the last model, the most extensively studied by
us, mice showing anxiety have an aged immune function and redox status as well as a shorter
longevity in comparison with animals without anxiety of the same chronological age, being
denominated prematurely ageing mice. A confirmation of the above is that the administration
of diets supplemented with antioxidants improves the redox status and immune functions and
increases the longevity of prematurely ageing mice. Antioxidant precursors of glutathione such
as thioproline or N-acetylcysteine, which have a relevant role in ageing, have been the most
widely investigated in adult prematurely ageing mice in our laboratory. In the present work, we
have studied the effects of the ingestion for 5 weeks of a diet supplemented with 0.1% (w/w)
thioproline+N-acetylcysteine on several functions of leucocytes from chronological old (69–73
weeks of age) prematurely ageing mice of two strains (Swiss and BALB/c). The results show
an improvement of the immune functions, with their values becoming closer to those in adult
animals (24!2 weeks). Thus, an adequate nutrition with antioxidants, even in aged subjects,
could be a good strategy to retard ageing.

Ageing: Immunosenescence: Leucocyte functions: Antioxidants

The ageing process and the concepts of biological
age and longevity

The ageing process may be defined as a progressive and
general deterioration of the functions of the organism that
leads to a lower ability to adaptively react to changes and
preserve homeostasis. As Strehler pointed out, four rules
can define ageing. It is universal (practically all animals
suffer ageing), progressive (the rate of ageing is similar
at different ages after reaching the adult state), intrinsic

(its cause is endogenous) and deleterious (at least for
individuals since it leads to their death)(1). Although the
accumulation of adverse changes with the passing of time
should not be considered a disease, it strongly increases
the risk of disease, and finally results in death.

The ageing process is highly heterogeneous, and thus,
there are different rates of physiological changes in
the various systems of the organism and in the diverse
members of a population of the same chronological age.
This justifies the introduction of the concept of ‘biological

Abbreviations: GSH, reduced glutathione; NAC, N-acetylcysteine; NK, natural killer; NPAM, non-prematurely ageing mice; PAM, prematurely ageing
mice; TP, thioproline.
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ageing’, which determines the level of ageing experienced
by each individual and therefore his/her life expectancy.
The biological age is related to the mean longevity, which
can be defined as the mean of the time that the members of
a population who have been born on the same date live.
Subjects of a population with a higher rate of ageing
show an older biological age and have a shorter lifespan.
Since chronological age fails to provide an accurate indi-
cator of the ageing process, it is necessary to select para-
meters useful as biomarkers of ageing to find out the rate
of ageing and therefore the probable longevity of each
subject(2).

An integrated theory of ageing: how, where and why
of ageing

Almost 400 single-cause theories have been proposed to
explain the ageing process(3), giving only partial ex-
planation for the causes and effects of ageing. Recently, an
integrated theory has been published(2) attempting to
answer the three important questions of biogerontology:
the ‘how’, the ‘where’ and the ‘why’ of ageing. In answer
to the question ‘how’ ageing happens, it is proposed that
the ageing process is a chronic oxidative stress condition
(increase of oxidant compounds and decrease of anti-
oxidant defences). Thus, it is linked to many age-related
changes that affect a large number of parameters including
morphology, physiology and behaviour at all levels of
organization: molecular, cellular, tissue, organic and that
of the whole individual. In addition, since emerging evi-
dence shows the close link between oxidation and in-
flammation, and since with ageing the pro-inflammatory
compounds increase to levels higher than those of the anti-
inflammatory compounds, leading to inflammatory stress,
an oxidative and an inflammatory state have been sug-
gested as the cause of the loss of function that appears with
senescence(2). To answer ‘where’ the ageing process starts,
it is proposed that this happens in the mitochondria of post-
mitotic and differentiated cells. With respect to ‘why’
ageing happens, the answer seems to be found in several
evolutionary theories and related concepts published a long
time ago. Hence, ageing is a consequence of characteristics
selected by evolution as an advantage for the young sub-
jects of the species allowing them to reach the reproductive
age in the best condition and thus preserve the species.
However, these characteristics are a disadvantage for
old subjects (not needed for species maintenance). An
example is the expression of more pro-oxidant and pro-
inflammatory genotypes, which allow the reaching of the
reproductive age with more probability since the subjects
are more able to survive infections. The consequence
after adult age is the establishment of what has been called
‘oxi-inflamm-ageing’(2).

Immunosenescence: the immune system as a marker
of biological age and predictor of longevity

Ageing is associated with an impairment of physiological
systems including the immune system, which has evolved
to protect individuals against infections and cancers.

In fact, with the passage of time there is an increase of
infectious and cancerous processes, which exert a great
influence on the age-related morbidity and mortality(4,5).
Indeed, the increased death rate found in aged populations
is due in great proportion to infections(5,6). The profound
impact of ageing on immunity is presently accepted. Thus,
although there are contradictory results, almost every
component of the immune system undergoes striking age-
associated re-structuring. This leads to changes that may
include not only diminished, but also enhanced functions.
Therefore, the changes of the immune system with ageing
are termed immunosenescence. Despite the rapidly in-
creasing amount of data on immunosenescence in the last
few decades(2,7–11), the puzzle of all the changes in the
different aspects of the immune function with age has not
yet been solved. Nevertheless, the pronounced age-related
decrease in T-cell functions is evident, specially in the
T-cell helper, which affects humoral immunity and causes
an impaired B-cell function(2,7). In the cells of innate
immunity, the phagocytic cells show functions that
decrease with ageing and others that are over acti-
vated(2,11–13), whereas the anti-tumoral activity of natural
killer (NK) cells, in most of the work, shows an age-related
decrease(2,11,14).

In addition, it has been demonstrated that the compe-
tence of the immune system is an excellent marker of
health(2,4,8,15,16) and several age-related changes in immune
functions, such as low T-cell proliferative responses, IL-2
secretion and NK cell cytotoxicity, have been linked to
longevity(2,15,16). In previous studies, the earlier-mentioned
functions and other immune functions, in lymphocytes and
phagocytes, have been established as markers of biological
age and therefore as predictors of longevity(2,13,16,17).
These functions have shown similar age-related changes in
human subjects (studied from the adult age of 20 until 80,
in leucocytes of peripheral blood), and in mice (throughout
the life of these animals, with a mean life span of 2 years,
in their peritoneal leucocytes)(2). In order to identify the
above parameters as markers of biological age, it is
necessary to confirm that the levels shown in particular
subjects reveal their real health and senescent conditions.
This has been achieved in the following two ways:
(A) Ascertaining that the individuals with those parameters
showing levels older than those of most subjects of the
same population, sex and chronological age, die before
their counterparts. This can be confirmed only in ex-
perimental animals. (B) Finding that the subjects reaching
a very advanced age, preserve these immune functions at
levels similar to those of adults. This can be tested on both
humans (centenarians) and experimental animals, such as
extremely long-lived mice. While biologically older ani-
mals showing the immune competence levels characteristic
of chronologically older individuals have been found to die
prematurely(2,17), centenarians and long-lived mice exhibit
a high degree of preservation of several immune functions,
which may be related to their ability to reach a very
advanced age in a healthy condition(2,13,18–20). All the
above results confirm that the immune system is a good
marker of biological age and a predictor of longevity.
Moreover, since the evolution of these immune functions is
similar in mice and human subjects, it can be assumed that
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those human subjects showing immune parameters at the
levels of older subjects have a higher biological age and a
shorter longevity(2).

Neuro-endocrine-immune communication in ageing.
The role of the immune system in oxi-inflamm-ageing

and in the age-related loss of homeostasis

The immune system does not work alone, since the three
regulatory systems, namely the nervous, the endocrine
and the immune systems, are intimately linked and in-
terdependent. Thus, there is a ‘neuroendocrine–immune’
system that allows the preservation of homeostasis and
therefore of health(21,22). The communication between
these systems has allowed the understanding of why
situations of depression, emotional stress and anxiety
are accompanied by a greater vulnerability to infections,
cancers and autoimmune diseases, which agrees with the
concept that the immune system is affected(2,23,24).
The impairment of physiological systems with ageing

especially affects the three regulatory systems and their
communication. This seems to justify the loss of homeo-
static capacity and the resulting increase of morbidity and
mortality that appears with ageing(2,16). In addition, the
age-related changes in the organism are linked to a chronic
oxidative and inflammatory stress affecting all cells and
especially those of the regulatory systems, which explains
their impaired function(2,16). Thus, immunosenescence has
as its basis an oxidative and inflammatory stress situation,
and the theory of oxidation–inflammation in ageing,
recently proposed(2,16), integrates the idea of ‘inflamm-
aging’(25) with the oxidation theory of ageing(2,16). Ac-
cording to this theory, chronic oxidative and inflamma-
tory stress lead to the damage of cell components,
including proteins, lipids and DNA, contributing to the
age-related decline of physiological functions, especially in
cells of the regulatory systems, including the immune
system. Moreover, the immune system, due to its capacity
of producing oxidant and inflammatory compounds in
order to eliminate foreign agents, could be involved with
the rate of ageing, increasing oxidation and inflammation,
if the age-related oxidative and inflammatory stress are not
well controlled(2,16). In this context, a relationship has been
found between the redox and inflammatory state of the
immune cells, their functional capacity and the lifespan of
a subject. Thus, when an animal shows a high-oxidative
stress in its immune cells, these cells have an impaired
function and that animal shows a decreased longevity. This
happens in chronologically and biologically older human
subjects and mice(2,17). On the contrary, subjects who
achieve greater longevity, such as human subject cen-
tenarians and extremely long-lived mice, show a preserved
redox state and immune functions(2,13,19,20). One of the
most relevant mechanisms involved in the cellular redox
state is the NF-kB. This transcription factor plays a key
role in regulating the expression of a wide range of oxi-
dants and inflammatory compounds, especially in the
immune cells, and increases in many chronic inflammatory
diseases. In fact, it has been observed that the NF-kB
activation, in resting conditions, is very high in leucocytes

from old mice, but lower in extremely long-lived mice and
adult animals(19). Moreover, only old subjects with con-
trolled basal NF-kB activation in leucocytes achieved
longevity. Adults with a high basal expression of this fac-
tor, died early(19).

In conclusion, only aged individuals who maintain a
good regulation of the leucocyte redox state and conse-
quently a good function of their immune cells, with levels
similar to those of healthy adults, reach very high long-
evity. Thus, the immune system seems to be a good pre-
dictor of longevity(2,19,20).

Murine models of premature immunosenescence

Support for the above oxidation–inflammation theory of
ageing and especially for the role of the immune system in
ageing, may be obtained by the study of animal models in
which subjects showing premature immunosenescence and
a high oxidative and inflammatory stress in their immune
cells (and in other cells), show decreased longevity
in relation to other members of the group of the same
chronological age. In this context, several murine models,
such as the following, have been investigated and devel-
oped during the last few years as novel approaches to
assess premature ageing and the above-mentioned idea.

Menopausal models

Menopausal women as well as ovariectomised rats and
mice (a good model for mimicking human menopause)
constitute a model for assessing premature ageing, since
they show premature immunosenescence and a high oxi-
dative stress condition(2,26–28). Thus, ovariectomised female
rats and mice show a redox state and function in leucocytes
similar to those in males(2,27). In mammalian species,
males have a higher oxidative state and a worse function in
their immune cells than those of females, having a lower
mean life span than the latter(2,27,29). This fact is due to
oestrogens resulting in a less oxidized condition(30).

Obesity models

Obese subjects show a higher incidence of infections and
some types of cancer, suggesting an impaired immune
function. In general, the scarce studies on the immunity
state in obese compared to non-obese subjects of the same
chronological age, show a worse immune function, which
have been observed in both genetically and diet-induced
obese rats(2,31–33). Moreover, obesity is associated with an
inflammatory state(32), and immune cells from obese rats
show premature immunosenescence as well as an oxidative
stress situation(2,33).

Models of poor response to stress, anxiety and depression

It is accepted that an inadequate response to stress is one
of the conditions leading to an acceleration of ageing,
accompanied by an impaired immune system and other
physiological systems(2,16,17). Thus, it has been shown that
mice with chronic hyper-reactivity to stress and anxiety
show a premature immunosenescence, a higher oxidative

Murine models of premature ageing for the study of diet-induced immune changes 653



Pr
o
ce
ed
in
gs

o
f
th
e
N
ut
ri
ti
o
n
So

ci
et
y

stress and a shorter lifespan. These animals show pre-
mature ageing(17), and this model will be explained in
more detail later. Recently, it has also been observed that
mice exposed to the stressful condition of isolation have
behavioural responses that reveal a certain degree of
depression and a more evident inmunosenescence than
control animals of the same age housed in groups(34). In
addition, human subjects suffering chronic anxiety or
depression show a significant premature immunosenes-
cence and oxidative stress(23,24).

Model of prematurely ageing mice

A model of premature ageing in mice based on altered
stress-related behavioural response and immunosenescence
has been established(17). The animals are termed prema-
turely ageing mice (PAM), in contrast to the non-prema-
turely ageing mice (NPAM) of the same population, sex
and chronological age, are identified by their poor response
in a simple T-maze exploration test. This provides strong
support for the concept that the nervous and the immune
systems are closely linked. In mice showing premature
ageing, it has been observed that several immune functions
were similar to those of chronologically older mice. In
addition to a more significant immunosenescence, the
PAM exhibited high levels of anxiety and emotionality,
showing a brain neurochemistry characteristic of older
animals and an oxidative stress situation. Moreover, PAM
also had increased baseline corticosterone and a blunted
stress response when compared to NPAM. Nevertheless,
the most convincing evidence that the immune function
parameters studied are useful markers of biological age, is
that the PAM showed a shorter lifespan than their NPAM
counterparts (2,16,17).

Effects of a diet supplemented with antioxidants
in ageing and immunosenescence

Ageing cannot be ‘eliminated’, it can only be mitigated,
i.e. making the process slower. Since the base of the
functional longevity of each subject is health maintenance,
and this depends on the genes (approximately 25%) and on
the lifestyle and environmental factors (75%), it is possible
to retard the rate of ageing through the modulation of these
factors such as nutrition(2). Among all the aspects that can
be considered good nutrition, the antioxidant compounds
present in the diet seem to be the most effective. As men-
tioned above, ageing is the result of a chronic oxidative
stress with an oxidant–antioxidant imbalance due to an
excess of the oxidants and a decrease or impairment of the
antioxidant defences(2). In fact, a confirmation of this is
the age-related decrease of several antioxidants(26,35) as
well as the increase of longevity in animals that received
these antioxidants in their diet(36,37).
Moreover, nutritional status has a marked effect

on immune response in elderly individuals(38). Since the
functional state of the immune system is a marker of
health, biological age and a predictor of longevity, it would
be convenient to test the effects of a strategy such as diets
rich in antioxidant compounds to retard the ageing process,

analysing immune cell functions and their redox state as
well as the mean longevity of the subjects. The adminis-
tration of antioxidants could prevent the age-related
imbalance of oxidants–antioxidants in the immune cells.
Nevertheless, it should be considered that the immune cells
need to produce oxidants to carry out their functions and
thus, they may exhaust their reserves of antioxidants(2).
This could help to explain why, in both adult experimental
animals and human subjects, the functional capacities of
the immune cells improve after diet supplementation with
the appropriate amount of antioxidants(2). It is evident that
the amount of antioxidants needed by the immune cells in
old subjects is higher than that in adults, since these cells
show an age-related impairment of redox regulation with
a higher production of oxidants and lower levels of
antioxidant defences(2,39). Thus, the administration of
compounds such as vitamins C and E, polyphenols and
precursors of reduced glutathione (GSH; taurine, thiopro-
line (TP) and N-acetylcysteine (NAC), among others) in
isolation, in nutritional formulations or through food rich
in these compounds, has been shown to improve the
immune functions and decrease the oxidative stress in
leucocytes and in other cells of the organism(2). These
effects have been shown in adults, but especially in pre-
maturely ageing subjects and in chronologically elderly
men, women and mice(2,11,16,26). Moreover, the confirma-
tion of the central role of the immune system in oxi-
inflamm-ageing is that the administration of adequate
amounts of antioxidants in the diet, increases the longevity
of the subjects(2). This has been observed in experimental
animals such as mice with a lifespan of 2 years. Since the
improvement in the immune function and redox state
found with antioxidant supplementation is similar in
human subjects and mice, and because these changes in
mice are accompanied by an increase in lifespan, it is
probable that similar effects could be observed in human
subjects. These antioxidants seem to have a direct effect on
the immune cells since they improve the same immune cell
and redox parameters in vitro as well as ex vivo after their
ingestion in the diet(2).

The effects of the dietary supplementation with anti-
oxidants on immune cell functions and their redox
state have been observed in several of the models of pre-
mature ageing mentioned earlier. The results found with
mice suffering anxiety, the premature ageing model pre-
viously mentioned, will be discussed in the next section. In
the murine model of ovariectomy, an improvement of
several immune functions by a five-week ingestion of a
diet enriched (1mg/mouse/d) in soyabean isoflavones and
green tea has been observed in ovariectomised old
mice(40). This agrees with the overall observation that any
positive change in the diet is more effective in improving
immune response in subjects of a biological older popu-
lation(2,16,17).

Effects of a diet supplemented with antioxidants
on a model of prematurely ageing mice

In the model of PAM the effect of a diet supplemented
with appropriate amounts of antioxidants on many

654 M. De la Fuente



Pr
o
ce
ed
in
gs

o
f
th
e
N
ut
ri
ti
o
n
So

ci
et
y

immune functions and oxidative stress parameters, which
were previously accredited as markers of biological
age, has been extensively studied(17). A dietary supple-
mentation of biscuits enriched with nutritional doses of
vitamin C and E, zinc, selenium and b-carotenes, for
15 weeks, with both 5% and 20% (w/w), improves the
function and redox balance of peritoneal immune cells
from chronologically adult (27–31 weeks of age) and
mature (48–52 weeks of age) PAM and NPAM animals.
However, the effects were stronger in PAM, and
20% supplementation was more effective than 5%(17,41).
This supplementation with 20% of biscuits enriched
with antioxidants also improved the functions and redox
balance of the immune cells from chronologically young
(16–20 weeks of age) PAM after only 5 weeks of in-
gestion(42,43). Moreover, a supplementation with 20%
(w/w) of polyphenol-rich cereals, for 5 weeks, improved
the immune cell functions in young (16–20 weeks of age)
PAM(44).
The type of antioxidant supplementation most fre-

quently studied in PAM and NPAM has been that
using sulphur-containing antioxidants that are precursors
of GSH(17). These antioxidants have been shown to
increase longevity(36,37). GSH is the most abundant
non-protein thiol in mammalian cells, being considered
essential for their survival, and with an important role
in many biological processes(2). An increase in the levels
of GSH reinforces antioxidant protection, preserves
the intracellular redox state and the cellular func-
tion(2,26,35). Therefore, optimal immune functions, such
as T-cell proliferation among others, will require
proper levels of GSH(2,26,35). In previous studies, it
has been observed that GSH stimulates many immune
functions in vitro and protects cells against apoptosis(2).
The two antioxidant GSH precursors most often
studied and used in the present work have been TP
and NAC. TP is an antioxidant present in mitochondria,
which can increase the levels of GSH(37) and thus increases
the longevity(36,37). Although this is an aspect very little
studied, in previous investigations, it has been shown
that TP in vitro improves several functions of immune
cells from mice, as well as the activity of antioxidant
enzymes(2). In aged mice, the supplementation with
TP (0.07 (w/w), for 5 weeks) improved several immune
functions(45). NAC is an antioxidant that acts as a GSH
precursor(26,35) and also neutralizes free radicals in a
direct manner. This antioxidant action has been observed
in immune cells from mice with endotoxic shock, a situa-
tion of high oxidative stress(46). NAC in vitro increases
several functions of peritoneal macrophages from adult
mice in a similar way to GSH, as well as the activity of
antioxidant enzymes(2). In elderly women, the ingestion of
NAC improves several immune functions and the redox
state(26).
In adult PAM, the supplementation of a diet with TP

(0.1% (w/w) for 5 weeks) improves the peritoneal macro-
phage functions(47) and the same occurs with the supple-
mentation with NAC(48). When the diet contains both TP
and NAC (0.1% (w/w)), the supplementation for 4–5
weeks improves the function of immune cells in Swiss and
BALB/c mice(49,50).

Effects of a diet supplemented with two
sulphur-containing antioxidants (thioproline and

N-acetylcysteine), precursors of reduced glutathione,
on several leucocyte functions in old prematurely

ageing mice of two strains

In previous studies, it has been shown that the ingestion of
a diet supplemented with TP+NAC (0.1% (w/w)) by adult
female Swiss and BALB/c mice for a short period of time
(4–5 weeks) improves several immune functions such as
chemotaxis, lymphoproliferative response to the mitogen
concanavalin A, IL-2 release and NK activity in leucocytes
from peritoneum, axillary nodes, spleen and thymus(39,49).
In the present work, it has been investigated whether this
supplementation with 0.1% of TP+NAC for 5 weeks
could be enough in chronologically old (69–73 weeks of
age) PAM Swiss and BALB/c mice to improve those
immune functions to the level of adult (22–26 weeks of
age) animals.

Female mice of the Swiss and BALB/c strains (Harlan,
Iberica, Spain) 20–24 weeks of age were maintained in
sterile conditions at a constant temperature (20–24!C) on
a 1212 reversed light–dark cycle and fed water and Stan-
dard Sander Mus pellets (A.04 diet; Panlab LS, Barcelona,
Spain) ad libitum until the moment of starting the experi-
ment. At 64–68 weeks of age, the exploratory behaviour
of each mouse was tested in a T-shaped maze. As pre-
viously described(17), the mice that completed the explo-
ration of the first arm of the maze four times in more than
20 s (once each week for 4 consecutive weeks) are con-
sidered PAM and those that spent less than that time are
NPAM. At 69–73 weeks of age, eight groups of 10 animals
each were used. In each strain, 10 PAM and 10 NPAM
received a diet (A.04 diet; Panlab) supplemented with
0.1% (w/w) of both TP and NAC (Sigma, San Louis,
MO, USA) for 5 weeks (PAMA and NPAMA, respec-
tively). Two other groups of 10 PAM and 10 NPAM, of
both strains, received a normal diet (PAMC and NPAMC,
respectively) during that time. After 5 weeks, the mice
were killed by cervical dislocation according to the
European Community Council Directives 86/6091 EEC
and the axillary nodes, spleen and thymus were removed.
In parallel, a group of adult (20–26 weeks of age) Swiss
and BALB/c mice were sacrificed.

The leucocyte suspensions from organs were obtained
and the functions studied were evaluated following meth-
ods previously described(49). The chemotaxis was eval-
uated using a chamber with two compartments separated
by a filter. The samples of leucocytes were deposited in
the upper compartment and the chemoattractant (f-met-leu-
phe, 10 - 8mol/l) in the lower compartment. After 3 h
incubation, the filters were fixed and stained and the
number of leucocytes found in four scans of 5mm each on
the lower face of the filter was determined and nominated
the chemotaxis index. The proliferation of lymphocytes
was determined using a commercially available 5-bromo-
20deoxyuridine ELISA (BrdU labelling and detection kit
III; Boehringer, Mannheim, Germany). The leucocytes
were incubated for 48 h in the absence (basal proliferation)
or presence of the mitogen concanavalin A (1mg/ml;
Sigma). The absorbance of the samples (measured at
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405 nm, with a reference wavelength of 490 nm) is directly
correlated with the level of 5-bromo-20deoxyuridine
incorporated into cellular DNA. The NK activity of the
leucocytes was studied using an enzymatic colorimetric
assay (Cytotox 96, Promega, Madison, WI, USA) for
cytolysis measurements of target cells (yeast artificial
chromosome-1 cells from a murine lymphoma) based on
the determination of lactate dehydrogenase enzymatic
activity using tetrazolium salt. After 4 h of incubation, the
percentage lyses of target cells was calculated. The con-
centration of IL-2 was determined in culture supernatants
of leucocytes from axillary nodes after 48 h of incubation
with concanavalin A using an ELISA kit (R&D System,
Minneapolis, MN, USA).

The results are shown in Tables 1–3 for leucocytes from
axillary nodes, spleen and thymus, respectively. The che-
motaxis indexes of leucocytes from axillary nodes, spleen
and thymus (with similar values in both strains of mice)
were in Swiss and BALB/c PAMC, smaller than in
the corresponding NPAMC. In all cases, the values in
old PAM and NPAM were lower than those in the adult
animals. The ingestion for 5 weeks of a diet supplemented
with TP+NAC increased, in general, with statistical sig-
nificant differences, the chemotaxis in PAMA and NPAMA
with respect to the corresponding controls (PAMC and
NPAMC). Moreover, the ingestion of the antioxidants
brought the levels of chemotaxis in aged animals close to
those in adults.

Table 1. Effect of a diet supplemented with two sulphur-containing antioxidants (thioproline (TP) and N-acetylcysteine (NAC); 0.1% (w/w) for

5 weeks) on several functions of axillary node leucocytes from chronologically old prematurely and non-prematurely aged Swiss and

BALB/c mice

(Mean values and standard deviations for 10 subjects)

NPAMC NPAMA PAMC PAMA AC

Mean SD Mean SD Mean SD Mean SD Mean SD

Swiss mice
Chemotaxis 441 91c 934 167*** 260 64c† 808 187*** 860 120
Basal proliferation (absorbance) 0.18 0.02 0.17 0.05 0.15 0.05a 0.16 0.02b 0.21 0.03
Proliferation to Con A (absorbance) 0.36 0.06c 0.50 0.09*** 0.25 0.06c† 0.62 0.06*** 0.61 0.13
NK activity (lysis %) 28 6c 36 4** 22 4c 35 5** 44 5
IL-2 release (pg/ml) 152 39c 210 36** 108 20c† 143 40* 329 57

BALB/c mice
Chemotaxis 474 106c 898 158*** 257 45c†† 638 161*** 782 111
Basal proliferation (absorbance) 0.08 0.02b‡‡ 0.09 0.03 0.07 0.01b‡‡ 0.07 0.01 0.17 0.03‡
Proliferation to Con A (absorbance) 0.33 0.04c 0.46 0.09** 0.19 0.05c†† 0.26 0.04** 0.58 0.10
NK activity (lysis %) 25 3c 41 6*** 20 3c† 34 4*** 58 7‡
IL-2 release (pg/ ml) 226 24c‡‡ 565 62*** 149 23c†‡ 727 133*** 418 66‡

NPAM, non-prematurely ageing mice; PAM, prematurely ageing mice; NPAMC and PAMC, NPAM and PAM controls; NPAMA and PAMA, NPAM and PAM
with antioxidant supplementation; AC, adult controls; Con A, concanavalin A; NK, natural killer.

The data were analysed statistically by the three-way ANOVA for unpaired observations, followed by the Scheffe’s F post-hoc test. *P<0.05; **P<0.01; ***P<0.001
with respect to the corresponding values in controls (NPAMC and PAMC). aP<0.05; bP<0.01; cP<0.001 with the corresponding values in adults. †P<0.05;
††P<0.001 with respect to the corresponding values in NPAMC. ‡P<0.05; ‡‡P<0.01 with respect to the corresponding values in Swiss mice.

Table 2. Effect of a diet supplemented with two sulphur-containing antioxidants (thioproline (TP) and N-acetylcysteine (NAC); 0.1% (w/w) for

5 weeks) on several functions of spleen leucocytes from chronologically old prematurely and non-prematurely aged Swiss and BALB/c mice

(Mean values and standard deviations for 10 subjects)

NPAMC NPAMA PAMC PAMA AC

Mean SD Mean SD Mean SD Mean SD Mean SD

Swiss mice
Chemotaxis 439 91c 811 102*** 343 80c† 670 167*** 718 139
Basal proliferation (absorbance) 0.19 0.01b 0.20 0.05 0.16 0.02c†† 0.32 0.06*** 0.23 0.04
Proliferation to Con A (absorbance) 0.40 0.08b 0.41 0.07 0.22 0.05c††† 0.46 0.09*** 0.54 0.07
NK activity (lysis %) 21 3c 28 3***b 18 4c 26 3***b 45 8

BALB/c mice
Chemotaxis 478 106c 915 160*** 282 93c†† 802 188*** 874 175
Basal proliferation (absorbance) 0.12 0.04c‡‡ 0.13 0.03b‡‡ 0.12 0.03c‡‡ 0.16 0.06‡ 0.20 0.03
Proliferation to Con A (absorbance) 0.31 0.07b‡ 0.50 0.12** 0.21 0.07c†† 0.46 0.10*** 0.43 0.07‡‡
NK activity (lysis %) 25 5c 38 5***b‡ 16 2c††† 30 3*** 60 11‡‡‡

NPAM, non-prematurely ageing mice; PAM, prematurely ageing mice; NPAMC and PAMC, NPAM and PAM controls; NPAMA and PAMA, NPAM and PAM with
antioxidant supplementation; AC, adult controls; Con A, concanavalin A; NK, natural killer.

The data were analysed statistically by the three-way ANOVA for unpaired observations, followed by the Scheffe’s F post-hoc test.*P<0.05; **P<0.01; ***P<0.001
with respect to the corresponding values in controls (NPAMC and PAMC). bP<0.01; cP<0.001 with the corresponding values in adults. †P<0.05; ††P<0.01;
†††P<0.001 with respect to the corresponding values in NPAMC. ‡P<0.05; ‡‡P<0.01; ‡‡‡P<0.001 with respect to the corresponding values in Swiss mice.
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With respect to basal proliferation, there are differences
between Swiss and BALB/c mice, the latter showing lower
values. In general, the levels of proliferation in PAMC and
NPAMC were lower than those in adults. The supple-
mentation only increased the basal proliferation in cells
from spleen and thymus of PAMA. Nevertheless, the pro-
liferative response of lymphocytes to concanavalin A,
which was lower in all cases in PAMC with respect to the
corresponding NPAMC and also in all the old NPAMC
and PAMC with respect to the values in the corresponding
adults, increased after the supplementation. Moreover, the
values in aged PAMA and NPAMA were generally similar
to those in adults. The NK activity was, in general, smaller
in PAMC with respect to NPAMC and in all cases in
PAMC and NPAMC when the values were compared with
those corresponding in adults. The ingestion of a supple-
mentation of sulphur-containing antioxidants increased the
NK activity in all cases bringing the values closer to those
in adults although they did not reach those values. The
IL-2 release in lymphocytes from axillary nodes (Table 1)
was higher in cells from BALB/c mice than in those from
Swiss. In both Swiss and BALB/c PAMC groups, there
were significant decreases in the levels of this cytokine
with respect to those in NPAMC, and in all groups of
old animals (both NPAMC and PAMC) the values
were lower than in adults. After the antioxidant supple-
mentation in all the groups, there were significant in-
creases of IL-2 concentrations bringing them close to
the levels of adults, a change that was more evident in
BALB/c mice.
Since all the functions studied are markers of biological

age in mice and predictors of longevity(2), the present data
show that the ingestion of a low amount (0.1% (w/w))
of two antioxidants such as TP+NAC for a short term
(5 weeks) decreases the biological age of mice making it
more similar to that of chronological adults. Moreover, this
effect was found in two different strains of mice, outbred
Swiss and inbred BAB/c mice, and in chronologically old
PAM and NPAM, but more extensively in PAM. In a

previous study, it has been observed that in chronologically
adult PAM and NPAM this kind of supplementation was
also more effective in PAM than in NPAM, and in Swiss
mice than in BALB/c mice(49). However, in adult mice, the
supplementation was, in general, less effective than in old
animals, since the present results show that practically all
the functions studied in leucocytes have been improved
after the ingestion of the diet supplemented with the
antioxidants (Tables 1–3). Although in chronologically old
Swiss mice an ingestion of a high concentration of these
antioxidants (0.3%) caused a stimulation of several of the
functions studied here, this concentration in the adults
decreased those functions and increased the oxidative
stress of the animals(39). In the present study, the mice
were chronologically old, but they were divided into two
groups with different biological age, since NPAM are
always biologically younger than PAM of the same age(17).
Based on the present results, 0.1% (w/w) TP+NAC seems
an appropriate amount to improve immune function in
aged mice. Nevertheless, further research on the effects of
higher amounts of those antioxidants in old PAM and
NPAM should be carried out.

Conclusion

A similar diet to that used in the present work, also
ingested for 5 weeks, improved several peritoneal macro-
phage functions in chronologically adult Swiss mice,
in NPAM and especially in PAM(50), with these animals
showing an increased longevity (N Guayerbas and M De
La Fuente unpublished results). Since the improvement of
the immune functions studied in peritoneal leucocytes after
antioxidant supplementations is very similar to that found
in the immune cells from organs such as axillary nodes,
spleen and thymus, it is possible that the immune ‘rejuve-
nation’ found in the present work could allow an increase
of the longevity of animals. Thus, the ingestion of a diet
with adequate concentrations of antioxidants, even in
chronologically and biologically aged subjects, seems to be

Table 3. Effect of a diet supplemented with two sulphur-containing antioxidants (thioproline (TP) and N-acetylcysteine (NAC); 0.1% (w/w) for

5 weeks) on several functions of thymus leucocytes from chronologically old prematurely and non-prematurely aged Swiss and BALB/c mice

(Mean values and standard deviations for 10 subjects)

NPAMC NPAMA PAMC PAMA AC

Mean SD Mean SD Mean SD Mean SD Mean SD

Swiss mice
Chemotaxis 350 58c 756 118*** 248 67c 635 180*** 550 140
Basal proliferation (absorbance) 0.13 0.02 0.15 0.03 0.08 0.02b†† 0.14 0.02*** 0.12 0.03
Proliferation to Con A (absorbance) 0.20 0.05b 0.28 0.08* 0.12 0.04c††† 0.22 0.06** 0.31 0.05
NK activity (lysis %) 14 3c 24 3***a 11 2c† 23 3***a 32 5

BALB/c mice
Chemotaxis 311 49c 402 85 148 45c 367 99*** 620 30
Basal proliferation (absorbance) 0.07 0.01c‡‡‡ 0.10 0.03** 0.07 0.01c 0.08 0.02b‡‡ 0.16 0.02‡
Proliferation to Con A (absorbance) 0.12 0.04c‡‡ 0.31 0.07*** 0.08 0.03c†‡ 0.15 0.03***b‡ 0.35 0.07
NK activity (lysis %) 21 4c‡‡ 28 3**b 14 3c†††‡ 29 3***b‡ 67 8‡‡‡

NPAM, non-prematurely ageing mice; PAM, prematurely ageing mice; NPAMC and PAMC, NPAM and PAM controls; NPAMA and PAMA, NPAM and PAM with
antioxidant supplementation; AC, adult controls; Con A, concanavalin A; NK, natural killer.

The data were analysed statistically by the three-way ANOVA for unpaired observations, followed by the Scheffe’s F post-hoc test. **P<0.01; ***P<0.001 with
respect to the corresponding values in controls (NPAMC and PAMC). aP<0.05; bP<0.01; cP<0.001 with the corresponding values in adults. †P<0.05; ††P<0.01;
†††P<0.001 with respect to the corresponding values in NPAMC. ‡P<0.05; ‡‡P<0.01; ‡‡‡P<0.001 with respect to the corresponding values in Swiss mice.

Murine models of premature ageing for the study of diet-induced immune changes 657



Pr
o
ce
ed
in
gs

o
f
th
e
N
ut
ri
ti
o
n
So

ci
et
y

a good strategy to maintain health and retard the inevitable
ageing process.
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