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This image is property of Claudia Pérez García. Human dental pulp stem cells stained with Oil Red O evidencing 
neutral lipid accumulation. Image acquisition: Leica DMR fluorescence microscope.  
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AcALD  Adult cerebral adrenoleukodystrophy 

Adol-cALD  Adolescent cerebral adrenoleukodystrophy 

ADP  Adenosine diphosphate 

ALDP  Adrenoleukodystrophy protein 

AMN  Adrenomyeloneuropathy 

APOs  Apoptotic bodies 

ATP  Adenosine triphosphate 

BBB  Blood-brain barrier 

BCSFB/BBB  Blood-cerebrospinal fluid/blood-brain barrier 

BDNF Brain-derived neurotrophic factor 

BMSCs  Bone marrow-derived mesenchymal stem cells 

BSA Bovine serum albumin 

C18:0 Octadecanoic acid 

C22:0 Docosanoic acid 

C24:0 Tetracosanoic acid 

C26:0 Hexacosanoic acid 

CAM  Cell adhesion molecules 

cALD, ccALD Cerebral adrenoleukodystrophy, Childhood cerebral 
adrenoleukodystrophy 

CM  Conditioned media 

CNS  Central nervous system 

CRISPR/Cas9  Clustered regularly interspaced short palindromic repeats 
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CTCF  Corrected Total Cell Fluorescence 

Cx  Connexin 

DAPI 4′,6-diamidino-2-phenylindole 

dbcAMP Dibutyryl cyclic adenosine monophospate 

DMEM  Dulbecco’s Minimal Essential Medium 

DPSCs  Dental pulp stem cells 

ELOVL  Elongation of very long-chain fatty acids 

ENO-2  Enolase-2 

ESCs  Embryonic stem cells 

ETC  Electron transport chain 

etOH  Ethanol 

EVs  Extracellular vesicles 

Exo  Exosomes 

FBS  Fetal bovine serum 

FGF  Fibroblast growth factor 

FSC Forward scatter 

GBX  Gastrulation brain homeobox 

gDNA Genomic DNA 

GDNF Glial cell derived neurotrophic factor 

GFAP  Glial fibrillary acidic protein 

GJ  Gap junctions 

Gpx  Glutathione peroxidase 

GVHD  Graft-versus-host disease 

H2O2  Hydrogen peroxide 
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hBMSCs  Human bone marrow-derived mesenchymal stem cells 

hBMSCs-Exos  Human bone marrow stem cells-derived exosomes 

hDPSCs  Human dental pulp stem cells 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HGF  Hepatocyte growth factor 

hMSCs  Human mesenchymal stem cells 

HO·  Hydroxyl radical 

HO·2  Hydroperoxyl radical 

HOBr  Hypobromous acid 

HOCl  Hypochlorous acid 

HPCs Hematopoietic progenitor cells 

HRP Horseadish peroxidase 

HSCT  Hematopoietic stem cell transplantation 

IDO  Indoleamine-pyrrole 2,3-dyoxygenase 

IFN-g  Interferon gamma 

IGF-1 Insulin-like growth factor 

IL  Interleukin 

iNOS  Inducible-nitric oxide synthase 

iPSCs  Induced-pluripotent stem cells 

ISCT  International Society for Cell Therapy 

ITG  Integrins 

KLF4  Kruppel-like factor 4 

LCFA  Long chain-fatty acids 

LEVs  Large extracellular vesicles 
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LPC  Lysophosphatidyl choline 

MAP2  Microtubule-associated protein 2 

MAP2ab  Microtubule-associated protein 2ab 

MIM  Mitochondrial inner membrane 

miRNA  Micro-RNA 

MISEV  Minimal Information for Studies of Extracellular Vesicles 

MOM  Mitochondrial outer membrane 

mPTP  Mitochondrial permeability transition pore 

mRNA  Messenger RNA 

MSC-Exos  Mesenchymal stem cell-derived exosomes 

MSCs  Mesenchymal stem cells 

mtDNA  Mitochondrial DNA 

MVB  Multivesicular body 

MVs  Microvesicles 

NBD  Nucleotide-binding domain 

NCP  Neural crest progenitors 

NEAA  Non-essential aminoacids 

NK  Natural killer 

NP-1 Neuropilin-1 

O-2  Superoxide anion 

O2  Singlet oxygen 

OCT3/4  Octamer-binding transcription factor 3/4 

ORO Oil Red O 

OXPHOS  Oxidative phosphorylation system 
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PAX-6  Paired box-6 

PBS Phosphate buffered saline 

PCR  Polymerase chain reaction 

PDLSCs  Periodontal ligament stem cells 

PFA Paraformaldehyde 

PGE2  Prostaglandin E 

PMP70 70 kDa peroxisomal membrane protein 

PPAR-g  Peroxisome proliferator-activated receptor gamma 

PUFA  Polyunsaturated fatty acids 

RMI  Magnetic resonance imaging 

RNS  Reactive nitrogen species 

RO·  Alkosyl radical 

RO·2  Peroxyl radical 

ROS  Reactive oxygen species 

RT  Room temperature 

RT-qPCR Real-time quantitative polymerase chain reaction 

RUSP  Recommended Uniform Screening Panel 

SCAP  Stem cells from apical papilla 

SCDF  Stem cells from dental follicle 

sEVs  Small extracellular vesicles 

SD Standard deviation 

SHED  Stem cells from exfoliated deciduous teeth 

Shh  Sonic hedgehog 

SOD  Superoxide dismutase 
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SOX-2  Sex determining region Y-box 2 

SSC Side scatter 

TEM  Transmission electronic microscopy 

TGF-b  Tumor growth factor-beta 

TGF-b1  Transforming growth factor- beta 1 

Th17  T helper 17 cell 

TLR  Toll-like cell receptor 

TMD  Transmembrane domain 

TNF-a Tumor necrosis factor- alpha 

TNTs Tunneling nanotubes 

TUJ-1 Tubulin-beta- III 

VLCFAs Very long-chain fatty acids 

VMC Vascular smooth muscle cells 

X-ALD X-linked adrenoleukodystrophy 
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This image is property of Claudia Pérez García. Immunofluorescence of transduced human bone marrow 
mesenchymal stem cells against RFP revealing mitochondria. Image acquisition: Leica SPEII confocal microscope.   
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La adrenoleucodistrofia ligada al cromosoma X (X-ALD) es un trastorno genético raro 

causado por mutaciones en el gen ABCD1. Este gen codifica la proteína de la 

adrenoleucodistrofia (ALDP), una proteína de membrana peroxisomal crucial para el 

transporte de los ácidos grasos de cadena muy larga (VLCFA) hacia los peroxisomas, donde 

son degradados. En la X-ALD, las mutaciones en el gen ABCD1 provocan una disfunción de 

ALDP, lo que conduce a la acumulación de VLCFA en las células, afectando principalmente al 

sistema nervioso y glándulas suprarrenales. Esta acumulación produce una amplia gama de 

manifestaciones clínicas, que van desde insuficiencia suprarrenal hasta graves síntomas 

neurodegenerativos, incluyendo la desmielinización inflamatoria del sistema nervioso central, 

con consecuencias fatales. La complejidad y variabilidad en la progresión de la enfermedad, 

junto con las opciones terapéuticas limitadas, hacen que la X-ALD sea particularmente difícil 

de tratar, especialmente en los pacientes con las formas más graves de la enfermedad. 

 

Uno de los principales obstáculos para comprender los mecanismos subyacentes de la 

X-ALD y desarrollar tratamientos específicos es la falta de modelos animales eficaces que 

reproduzcan el proceso de desmielinización observado en los seres humanos. Como resultado, 

numerosos autores han recurrido a modelos basados en células humanas para estudiar la 

enfermedad. Para avanzar en la comprensión de la X-ALD y explorar nuevas opciones de 

tratamiento, en esta Tesis Doctoral, se ha desarrollado un nuevo modelo celular de la 

enfermedad utilizando células madre de pulpa dental (hDPSCs) derivadas de un paciente con 

diagnóstico clínico de X-ALD. Estas células proporcionan un modelo único y clínicamente 

relevante, ya que expresan la proteína ALDP de manera similar a las células de individuos 

sanos, pero exhiben una acumulación anormal de lípidos neutros, lo que refleja la disfunción 

de ALDP observada en la X-ALD. Debido al natural potencial neurogénico característico de 

las hDPSCs, las células provinientes del paciente se pueden diferenciar en células neuronales, 

pudiendo estudiar el fenotipo patológico de forma más precisa. De este modo, se ha podido 

observar que las células diferenciadas procedentes del paciente de X-ALD, no sólo presentan 

una acumulación aberrante de lípidos neutros, sino que también muestran alteraciones en la 

cinética de las corrientes de sodio, sugeriendo una alteración en el proceso de diferenciación 

funcional en neuronas que no sucede en células derivadas de individuos sanos.  

 

Además del desarrollo este modelo, se ha estudiado el potencial terapéutico de las 

células mesenquimales humanas derivadas de médula ósea (hBMSCs). Estas células son 
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conocidas por sus propiedades terapéuticas, tanto por el establecimiento de contactos directos 

entre células como por la secreción de moléculas solubles como las vesículas extracelulares 

(EVs). 

 

En el contexto de la X-ALD, se ha investigado el efecto protector de la terapia celular 

con hBMSCs en el modelo celular de X-ALD desarollado en esta Tesis Doctoral. El medio 

condicionado (CM) derivado de las hBMSCs, rico en EVs, puede reducir la acumulación de 

lípidos neutros y proteger las células enfermas del estrés oxidativo y de los efectos citotóxicos 

derivados del exceso de VLCFAs, ambientes especialmente vulnerables en X-ALD. Además 

de los efectos paracrinos, las hBMSCs establecen una comunicación celular directa con las 

hDPSCs derivadas del paciente. Esta interacción permite la transferencia de mitocondrias y 

otros componentes citosólicos de las hBMSCs a las células afectadas, lo que podría ayudar a 

restaurar la función celular y, posiblemente, revertir el fenotipo de la enfermedad. Además, 

mediante el contacto directo célula-célula, las hBMSCs consiguen modificar el perfil de las 

corrientes de sodio de las células X-ALD diferenciadas, revertiendo el fenotipo 

electrofisiológico. 

 

Las acciones combinadas de contacto célula a célula e indirectas (paracrinas) sugieren 

que las hBMSCs tienen un gran potencial terapéutico para el tratamiento de la X-ALD. A través 

del avance en los modelos celulares humanos y las estrategias terapéuticas, esta Tesis Doctoral 

tiene como objetivo mejorar la comprensión de la enfermedad y abrir nuevas vías para el 

desarrollo de terapias efectivas. 
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X-linked adrenoleukodystrophy (X-ALD) is a rare genetic disorder caused by 

mutations in the ABCD1 gene. This gene encodes the adrenoleukodystrophy protein (ALDP), 

a crucial peroxisomal membrane protein responsible for transporting very long-chain fatty 

acids (VLCFAs) into peroxisomes, where these fatty acids are broken down. In X-ALD, 

mutations in ABCD1 lead to a malfunction in ALDP, resulting in the accumulation of VLCFAs 

in the body, particularly in the nervous system and adrenal tissues. This accumulation causes a 

spectrum of clinical manifestations that range from adrenal insufficiency to severe 

neurodegenerative symptoms, including inflammatory demyelination of the central nervous 

system, leading to debilitating and often fatal outcomes. The complexity and variability of 

symptoms, alongside limited therapeutic options, make X-ALD particularly challenging to 

treat, especially for patients with the most severe forms of the disease. 

 

One of the primary obstacles in understanding X-ALD's underlying mechanisms and 

developing targeted treatments is the absence of effective animal models that accurately mimic 

the demyelination process observed in humans. As a result, researchers have turned to human 

cell-based models to study the disease. In this Doctoral Thesis, we sought to advance the 

understanding of X-ALD through the development of a novel in vitro model using human 

dental pulp stem cells (hDPSCs) derived from an affected patient. These cells provide a unique 

and clinically relevant model, as they express the ALDP protein similarly to cells from healthy 

individuals, but exhibit abnormal neutral lipid accumulation, reflecting the dysfunction of 

ALDP seen in X-ALD. This model is particularly promising because hDPSCs have natural 

neurogenic potential, meaning they can differentiate into neural-like cells that are capable of 

mimicking the pathological features of the disease, including increased neutral lipid 

accumulation, which is observed in the cellular bodies of differentiated neural lineage cells. In 

addition, impairments in sodium channel currents are also evidenced in X-ALD differentiated 

cells, suggesting an alteration in the process of functional neural differentiation. These 

characteristics make hDPSCs a valuable resource for studying X-ALD’s pathophysiology and 

testing potential therapeutic interventions. 

 

In addition to this model, we also have highlighted the therapeutic potential of human 

bone marrow derived mesenchymal stem cells (hBMSCs). These cells are noted for their 

therapeutic properties, such as their ability to engage in direct cell-to-cell contact and secrete 

Abstract 
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several soluble molecules, including cytokines, growth factors, and extracellular vesicles 

(EVs). These molecules can act as paracrine signals to modulate the behaviour of target cells. 

 

Based on their therapeutic potential, we have investigated the effects of hBMSCs on 

the in vitro X-ALD model developed from hDPSCs. The findings reveal that conditioned media 

(CM) from hBMSCs, containing EVs, can mitigate the abnormal lipid accumulation observed 

in X-ALD hDPSCs. Furthermore, hBMSCs protect these cells from oxidative stress and from 

cytotoxic effects derived from VLCFA, a condition that exacerbates cellular damage in many 

neurodegenerative diseases, including X-ALD. In addition to this paracrine signaling, hBMSCs 

also establish direct cellular communication with X-ALD hDPSCs. This direct interaction 

enables the transfer of healthy mitochondria and other cytosolic components from hBMSCs to 

the affected cells, which may help restore cellular function and potentially revert the diseased 

phenotype. Furthermore, through the establishment of cell-to-cell contacts, hBMSCs induce 

changes in sodium channel pattern of X-ALD differentiated cells, rescuing a healthy 

phenotype.  

 

The combined actions of direct cell-to-cell contact and indirect (paracrine) signaling 

suggest that hBMSCs hold significant therapeutic promise for treating X-ALD. Their ability to 

not only protect but also potentially correct the pathological features of the disease at the 

cellular level represents a substantial advancement in X-ALD research.  This doctoral thesis 

highlights the potential of hBMSCs and cell-derived products as a therapeutic tool for X-ALD. 

Through the advancement in human cell models and therapeutic strategies, this thesis aims to 

enhance the understanding of the disease and opens new avenues for developing effective 

therapies. 
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This image is property of Claudia Pérez García. Immunofluorescence of direct co-cultures of human dental pulp 
and bone marrow stem cells against GFP, RFP and Connexin-43. Image acquisition: Leica SPEII confocal 
microscope. 
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Stem cells are unspecialized cells of the human body found both in embryo and adult 

stages. These cells are characterized not only by their ability to differentiate into any kind of 

cell of the organism but also by their capability of self-renewal. Based on their differentiation 

potential, these cell population can be classified in different groups: totipotent, pluripotent, 

multipotent, oligopotent and unipotent stem cell (Casado-Díaz, 2022; Zakrzewski et al., 2019) 

(Figure 1; subsequent figures as Fig.). 

 

Totipotent stem cells are the most undifferentiated cells found in early stages of organism 

development. They are able to be differentiated into cells of the whole organism allowing cells 

to form both embryo and extra-embryonic structures (Rossant, 2001). 

 

Pluripotent stem cells are cells that have the ability to form cells from any of the three-

germ layer, but not extra-embryonic structures such as the placenta (De Miguel et al., 2010). 

Embryonic stem cells (ESCs), derived from the inner cell mass of the blastocyst (Evans & 

Kaufman, 1981) and induced-pluripotent stem cells (iPSCs), generated by reprogramming 

somatic cells (Takahashi & Yamanaka, 2006), are an example of these cell populations. 

 

Multipotent stem cells are cell population that can be differentiated into discrete specific 

cells from the same blastodermic lineage  (Ratajczak et al., 2012). An example of this type of 

stem cells are mesenchymal stem cells (MSCs), which their differentiation abilities are 

restricted to cell lineages derived from mesoderm. However, some multipotent stem cells can 

be differentiated into cells from other blastodermic lineages, in a process called trans-

differentiation (Barzilay et al., 2009). 

 

Oligopotent stem cells are characterised by their ability to differentiate into cells from two 

or more lineages within a specific tissue from a single blastodermic layer. A type of oligopotent 

stem cells are hematopoietic stem cells that are able to differentiated into cells of two lineages: 

myeloid and lymphoid (Marone et al., 2002). 

Introduction 

1. Human stem cells. 

1.1 Definition and classifications. 
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Unipotent stem cells are those cells that have the narrowest spectrum of differentiation. 

They only can be differentiated into one specific cell type and form one single lineage (Dulak 

et al., 2015). 

 

 
 
Figure 1. Types of human stem cells categorized by their potency.  

As stem cells mature and become more specialized within their specific lineage, their capacity to 

differentiate into various cell types decreases. This figure illustrates a few stem cell lineages and 

examples of their resulting cell types. Illustration based on Balistreri et al (2020) (Balistreri et al., 2020). 
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Human stem cells can also be classified according to their origin in: ESCs, fetal and adult 

stem cells and iPSCs (Fig. 2). 

 

ESCs are derived from the inner cell mass of the blastocyst (Evans & Kaufman, 1981). 

Due to their pluripotency, they can differentiate into cells from the three-germ layers, but also 

can be in an undifferentiated status for prolonged time (Yao et al., 2006). 

 

Adult stem cells are found in adult tissue such as bone marrow, adipose tissue or teeth. 

Examples of adult stem cells are MSCs or stem cells found in placenta. These cells have ability 

of differentiation but they have limited capacity (Körbling & Estrov, 2003). They show 

beneficious advantages in the field of regenerative medicine and are proposed in transplants as 

therapeutic tool because of their lack of rejection or ethical controversies (McCormick & Huso, 

2010). 

 
As mentioned above, iPSCs are generated by genetically reprogramming of adult somatic 

cells to achieve an ESCs-like status (Rossant, 2008). They were first developed by Takahashi 

and Yamanaka (2006) by transducing mouse fibroblasts with 4 genes that encodes the following 

transcription factors: octamer-binding transcription factor 3/4 (OCT3/4), RY-related high-

mobility group box protein-2 (SOX2), the oncoprotein c-MYC, and Kruppel-like factor 4 

(KLF4) (Takahashi & Yamanaka, 2006). A year later, the same group (2007) developed iPSCs 

from human fibroblasts using the same 4 factors. These reprogrammed cell population 

displayed ESCs features in terms of morphology, proliferation, surface antigens, gene 

expression, epigenetic status of pluripotent cell specific-genes, telomerase activity and they 

were able to differentiate into cells from the three-germ layer in vitro (Takahashi et al., 2007). 

 

 
Figure 2. Types of human stem cells based on their origin.  
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Stem cells can be found in embryonic and adult sources. ESCs derive from the inner cell mass of 

blastocyst during embryo development. However, when human body is fully developed, adult stem cells 

can be observed at certain tissues such as bone marrow, where hBMSCs are located. In addition to natural 

sources of stem cells, fibroblasts are being used to obtain induced iPSCs through reprogramming 

methods. hBMSCs: human bone marrow derived mesenchymal stem cells; iPSCs: induced-pluripotent 

stem cells. Illustration based on Shevde (2012) (Shevde, 2012). 

 

 
 

 
 

 

Human mesenchymal stem cells (hMSCs) are adult stem cells that can differentiate into 

variety of mesodermal mature cell types including adipocytes, chondrocytes, osteocytes and 

myocytes (Bartsch et al., 2005; Pittenger et al., 1999; Wagner et al., 2005). Apart from this, 

hMSCs can be trans-differentiated into a wide variety of cells of other lineages such as mature 

type II pneumocyte (Della Sala et al., 2021), hepatocytes, (Anzalone et al., 2010; Stock et al., 

2014; Wang et al., 2014), neurons (Bueno et al., 2013; Karakaş et al., 2020; Lian et al., 2021) 

and insulin-producing cells (Oh et al., 2004; Tang et al., 2004), among others (Fig. 3). This cell 

type can be found in many adult tissues such as adipose tissue (Schneider et al., 2017), dental 

pulp (Gronthos et al., 2009.; Huang et al., 2000), umbilical cord blood (Majore et al., 2011), 

bone marrow (Baghaei et al., 2017; Friendenstein, 1970) and so forth. 

 

 
Figure 3. Multipotentiality of hMSCs.  

1.2 Mesenchymal stem cells. 

1.2.1 Definition and historical context. 
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hMSCs, located at bone cavity, are able to self-renew (curved arrow) and to differentiate into cells from 

mesodermal lineage under physiological conditions (solid arrows). Under in vitro and in vivo 

experiments, these cells are able to transdifferentiate into cells from ectoderm and endoderm lineages 

(dashed arrows). Illustration based on Uccelli et al (2008) (Uccelli et al., 2008). 

 
MSCs derived from bone marrow (BMSCs) are the best-defined population of 

mesenchymal stem cells. They were the first MSCs population described by Friedenstein and 

colleagues (1970) in the 70’s decade as “osteogenic stem cells” due to their ability to form 

ectopic bone (Friedenstein et al., 1970). However, it was not until 1991 when Caplan (1991) 

named these cell populations as “mesenchymal stem cells” remarking their natural capacity for 

multipotential differentiation into mesodermal lineage (Caplan, 1991) (Fig. 3). BMSCs can be 

easily isolated from bone marrow and exhibit advantages against other types of stem cells such 

as ESCs or iPSCs, since they present fewer ethical concerns when compared to ESCs and lower 

risk of teratoma formation than iPSCs (Steens & Klein, 2018). 

 
In 2006, the International Society for Cell Therapy (ISCT) established standard criteria to 

define populations of MSCs. Ensuring compliance with minimal standards is essential to 

classify cells as MSCs. Firstly, they must exhibit plastic adherence and display a fibroblast-like 

morphology under standard culture conditions. Additionally, they should express specific 

markers including CD105, CD73 and CD90 while lacking expression of CD45, CD35, CD14 

or CD11b, CD79-a or CD19 and HLA-DR surface molecules. Finally, these cells must 

demonstrate the ability to differentiate into osteoblasts, adipocytes and chondroblasts under in 

vitro conditions (Dominici et al., 2006). These criteria are important to define cell populations, 

but they are constrained by their lack of specific indicators for evaluating stemness. Nowadays, 

the terms of “mesenchymal stem cells” or “mesenchymal stromal cells” are widely used by 

scientific community but are still imprecise from their identity. Some authors propose the 

designation of “Medicinal Signalling Cells” according to their therapeutic functions (Caplan, 

2017). 

 

 

 

Over the last years, hMSCs are of special relevance for cell-based therapy in the 

treatment of several disorders such as cancer (Lan et al., 2021), inflammatory (Shi et al., 2018) 

or neurodegenerative (Issa et al., 2022) diseases. Their importance in therapeutics lies in their 

main biological functions: migration to target areas, the ability of immunomodulation and the 

secretion of paracrine factors that promote functional recovery. 

 
 

1.2.2 Therapeutic functions. 
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- Cell-to-cell communication. 
 

The crosstalk between hMSCs and other cell types may be mediated by cell fusion (Melzer 

et al., 2019; Shadrin et al., 2015), the establishment of gap junctions (GJ) (Gabashvili et al., 

2015; Ogawa et al., 2022) and the formation of tunnelling nanotubes (TNTs). Consequences of 

these established contacts may vary according to the cell type and its status.  

 

- Cell fusion. 

 

Cell-cell fusion is a highly regulated biological event which plays an important role not 

only during embryonic development but also during different cellular processes throughout the 

whole life (Willkomm & Bloch, 2015). The cell fusion process can be generally categorized 

into three stages: initial contact between two distinct membrane compartments, hemifusion, 

and the subsequent formation of an enlarging fusion pore. This intricate process requires a 

substantial reorganization of the fusing cells. Although not entirely understood, this process is 

precisely regulated by proteins that convey the necessary information for membrane 

organization and regulation. Ultimately, fusion and fission act to merge and separate membrane 

lipids, respectively (Chernomordik et al., 2006). The regulation of this process involves various 

signals that facilitate communication between fusing cells and their local cellular and 

extracellular environments, triggering specific cell signalling pathways essential for the 

initiation of cell-cell fusion (Hindi et al., 2013; Larsson et al., 2008). Additionally, both genetic 

and epigenetic factors make a significant contribution to the regulation of these fusion 

processes (Aguilar et al., 2013). 

 

The role of cell fusion in therapy and tissue regeneration attract interest in hMSCs research. 

In general, stem cells possess highly fusogenic potential with other stem cells or differentiated 

cells in order to maintain tissue homeostasis including the growth and regeneration of tissues 

(Dörnen & Dittmar, 2021). Several reports attribute the transdifferentiation capacity of 

administered MSCs to their ability to undergo cell fusion (Alvarez-Dolado et al., 2003; 

Vassilopoulos et al., 2003; Wang et al., 2003) and not only to secreted soluble factors. In the 

field of nervous system diseases, differentiation of administered MSCs through cell fusion 

appears as a spontaneous process and at extremely low frequencies, but promote neural 

recovery since they acquired phenotypic traits of cells with their fused allowing cell plasticity 

(Mezey et al., 2003; Terada et al., 2002; Ying et al., 2002). 
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- Establishment of cellular contacts. 

 

In multicellular organisms, cell interactions and intercellular communication are 

fundamental to the survival of organism. These processes ensure the proper functioning of 

systems, maintenance of homeostasis and appropriate responses to environmental changes. 

Direct cell communication through the formation of intimal contacts is also a mechanism by 

which hMSCs exert their beneficial functions. 

 

GJ are complexes of intercellular channels formed between the juxtaposed membranes of 

two adjacent cells which allow the intercellular transfer of ions, metabolites, soluble factors, 

and secondary messenger molecules smaller than 1200 Dalton (González-Nieto et al., 2015; 

Söhl & Willecke, 2004). These junctions are composed of oligomerized integral membrane 

proteins called connexins (Cx) (González-Nieto et al., 2015; Nielsen et al., 2012). GJ formation 

between hMSCs and other cell population is a common process and they mainly express Cx-

43, Cx-40 and Cx-45 (Dorshkind et al., 1993; Valiunas et al., 2004). Through the establishment 

of Cx-mediated GJ, hMSCs transdifferentiate into neuron-like cells (Dilger et al., 2020), but 

also mediated cellular components exchange is reported in GJ-dependent manner. Among 

cellular material that can be transferred through GJ formation, mitochondria are of special 

interest (Golan et al., 2020; Islam et al., 2012; Yao et al., 2018). It is known that hMSCs can 

lead to neuronal survival due to GJ formation, among other cell-to-cell contacts, and exchange 

of cytoplasmatic material and mitochondria (Tarasiuk et al., 2022). This fact has gained special 

attention in recent years due to their promising potential in cell therapy, especially in those 

disorders with remarkable oxidative stress component and cell death (Liu et al., 2021).  

 
- Tunneling nanotubes. 

 

TNTs are long tubular structures rich in F-actin filaments that allow long-distance cell-to-

cell contact and facilitate exchange of cytoplasmatic material (Rustom et al., 2004.). This 

structure is found in numerous cell types and in different biological conditions (Khattar et al., 

2022). 

 

Presence of TNTs in hMSCs population has also been reported. In pathological conditions, 

hMSCs can rescue damaged cells through TNTs suggesting that this particular structure acts as 

a mechanism of rescue and defence. Through the establishment of TNTs, different cargoes can 

be directly transferred between different cell populations, including mitochondria. hMSCs can 

transfer these organella to several different cell types, including epithelial cells, endothelial 

cells and cardiac myocytes, among others. These transfers are enhanced when the target cells 
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are under stress or damaged preventing their cell apoptosis (Liu et al., 2014). Special interest 

has been given to the process of intercellular proteostasis, which represents an intercellular 

mechanism that enhances protein management between damaged and normal cells (Kaushik & 

Cuervo, 2015). Intercellular proteostasis is defined by the exchange of exosomes and the 

establishment of TNTs that enable bidirectional transfer: the replenishment of proteostasis 

effectors from cells with more robust proteostasis to those with weaker proteostasis, and the 

transport of protein aggregates and damaged proteins in the reverse direction. 

 

- Migration to target areas. 

 

The homing effect of hMSCs is the in vivo capability of cell migration to damaged tissue. 

This migratory ability is regulated by a variety of signaling pathways and cellular processes, 

including interactions with extracellular matrix (ECM) components and the response to 

chemotactic signals. In systemic homing, hMSCs are administered or naturally recruited into 

the bloodstream. Subsequently, they undergo a multi-step process to exit circulation and 

migrate towards the injury site (Sackstein, 2005). By contrast, in non-systemic homing, hMSCs 

are introduced directly into the target tissue and then are guided to the injury area by chemokine 

gradient (Spaeth et al., 2008). Unfortunately, the homing efficiency of hMSCs is low because 

of physiological reasons (trapping) (Scarfe et al., 2018), lack of specific homing (low homing 

molecules) (Honczarenko et al., 2006; Rombouts & Ploemacher, 2003) and early death of 

administered cells (von Bahr et al., 2012). Strategies to increase homing efficiency using 

different procedures as magnetic guidance (Rombouts & Ploemacher, 2003), genetic 

modification (Cui et al., 2017; Shao et al., 2019) or priming (Ran et al., 2018; Zhang et al., 

2012; Zhidkova et al., 2018) are being investigated. 

 

Understanding hMSCs migration is essential not only for tissue engineering and 

regenerative medicine applications but also for developing in vitro specific models since 

migration dynamics can reveal important cellular behaviours in response to specific 

pathophysiological conditions. One key protein related to cell migration is angiotensin-

converting enzyme 2 (ACE2), a membrane-bound protein that has recently gained attention as 

primary cellular receptor for SARS-CoV-2, the virus responsible for COVID-19 (Li et al., 

2003). Nevertheless, beyond its role in viral entry, ACE2 is an important regulator within the 

renin-angiotensin system (RAS), which modulates blood pressure, inflammation and fibrosis 

(Tikellis & Thomas, 2012). The expression of this particular protein in hMSCs populations has 

been studied in recent years due to their potential therapeutic role in COVID-19 patients. 

Several authors reported little or no expression of this protein in various hMSCs cell 

populations isolated from different sources (Avanzini et al., 2021; Generali et al., 2022; 
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Hernandez-Lopez et al., 2023). However, studying ACE2 expression in hMSCs from other 

sources might elucidate questions about this topic. 

 

- Direct immunomodulation. 
 

hMSCs can modulate the immune response in diverse manners depending on physiological 

conditions, the microenvironment in which they are inserted, the levels of hypoxia and the 

stimulation of inflammatory factors (Weiss & Dahlke, 2019). After a tissue injury occurs, 

during the acute inflammatory phase, there is an increase of pro-inflammatory cytokines, 

which, consequently, activate hMSCs that may contribute to an immunosuppressive response 

(Planat-Benard et al., 2021). As the condition progresses to a chronic phase, there is shift with 

reduced production of pro-inflammatory cytokines and an increase of anti-inflammatory 

cytokines such as tumor growth factor-beta (TGF-b). Without the active stimuli of hMSCs, the 

reactivation of the immune response can be presented. Based on the inflammatory 

environment, hMSCs display functional adaptability exhibiting either immunotolerant or 

immunosuppressive activities (Renner et al., 2009). 

 

Concretely, hMSCs have a direct effect on both adaptative and innate immune system cells 

with a result of maintenance of homeostatic immunity and inflammation regulation. The 

resulting immunomodulatory capacity of hMSCs is a consequence of their secreted released 

products which, in turn, depend on hMSCs phenotype at time. Phenotype of hMSCs is a result 

of the stimulation of specific cell surface receptor known as toll-like cell receptor (TLR) by 

paracrine factors placed at microenvironment. Thus, hMSCs can be classified by their 

immunomodulation capacity in pro-inflammatory phenotype (MSC-1), activated through 

TLR4 receptors or, on the other hand, an anti-inflammatory and immunosuppressive phenotype 

(MSC-2) activated by TLR3 (Waterman et al., 2010) (Fig. 5). Regarding adaptative immune 

system cells, hMSCs have a great influence on the action, survival and migration of T 

lymphocytes in presence of pro-inflammatory cytokines (Ren et al., 2008) as well as on 

proliferation, differentiation and expression of chemokine receptors of B cells (Corcione et al., 

2006). hMSCs inhibit the expression and early activation markers during T cell activation (Ren 

et al., 2008). However, when the inflammatory process is not intense enough, hMSCs can adopt 

a pro-inflammatory phenotype and enhance the local immune response (Bernardo & Fibbe, 

2013). In innate immune system, there is also evidence of direct effects of hMSCs modulating 

the expression, maturation and differentiation of natural killer (NK) cells (Moloudizargari et 

al., 2021; Spaggiari et al., 2006), dendritic cells (DCs) (Spaggiari et al., 2009), macrophages 

(Vasandan et al., 2016) and neutrophils (Raffaghello et al., 2008). 
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The autocrine effect of hMSCs is mediated by secreted factors acting on stem cell itself. 

These secreted factors can influence on hMSCs differentiation capacity (Duque et al., 2009), 

maintenance of their stemness (Eom et al., 2014), regulation of immunomodulator factors 

release (Dumitru et al., 2014) and enhancement of their survival or proliferation (Lee et al., 

2016).  

 

Paracrine activity of hMSCs is driven by the release of a diverse range of bioactive 

molecules acting on neighbouring cells through a paracrine phenomenon. These secreted 

molecules and factors can be found in their free-form or bounded in extracellular vesicles 

(EVs). Among the different impact that might cause paracrine molecules from hMSCs, the 

main effects are: immunomodulation and promotion of cell survival. 

 

EVs are nano to micro-sized membrane bounded vesicles that carry different cargoes 

(lipids, proteins, free acid nucleic, etc) into extracellular space as a form of intercellular 

communication. Depending on their biogenesis, release pathways, size, content and function, 

EVs can be classified into three main subtypes: microvesicles (MVs), apoptotic bodies (APOs) 

and exosomes (Exo). MV are larger vesicles (100-1000 nm) that bud directly from the plasma 

membrane. In contrast, APOs (500-2000 nm) are released during programmed cell death and 

contain cellular debris, including fragmented DNA, organelles and portions of the dying cell. 

Exos are much smaller (40-120 nm) and are derived from the endolysosomal pathway formed 

inside multivesicular bodies (MVB). They are secreted into the extracellular environment when 

MVBs fuse with the plasma membrane. In contrast to MVs, which bud from the plasma 

membrane, exosomes are derived from endolysosomal pathway (Vizoso et al., 2017; Zhou et 

al., 2023) (Fig. 4). While all three types of vesicles are involved in cellular communication, 

their origins and biological roles are distinct. Cargo content is heterogeneous in EVs depending 

on different factors not only restricted to their origin but also to cell status. However, they can 

be distinguished based on specific proteins that serve as markers for characterisation. Exos can 

be analysed by immunolabeling of exosomal surface proteins such as tetraspanins (CD9, CD63 

and CD81), integrins (ITG) or cell adhesion molecules (CAM). Other critical markers for 

exosomes include ALIX, flotillin and TSG101, that play a key role in exosome biogenesis, and 

heat shock proteins (Hsp70 and Hsp90). These markers are being used for characterise and 

isolate exosomes from cell cultures. Criteria to standardize protocols for isolation, 

characterisation and purification of general and specific EVs are being in consideration through 

guidelines from Minimal Information for Studies of Extracellular Vesicles (MISEV) (Witwer 

et al., 2021). 

1.3 Extracellular vesicles. 
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Figure 4. Development and composition of EVs derived MSCs.  

Different types of EVs are depicted on the illustration: APOS, MVs and Exos. Exos are derived from 

endolysosomal pathway. The main components of Exos derived from MSCs are represented: several 

tetraspanins, lipids, DNA and heat shock proteins. ER: endoplasmic reticulum; MLB: multilamellar 

body; ILV: intraluminal vesicle; APOS: apoptotic bodies; MVs: microvesicles; MSC-Exos: exosomes 

derived from mesenchymal stem cells; TLR: toll-like receptor; HSP-; heat shock protein. Illustration 

based on Kou et al (2022) (Kou et al., 2022). 

 

Mesenchymal stem cell-derived exosomes (MSC-Exos) have emerged as potent 

therapeutic agents due to their immunomodulatory and regenerative properties. These 

nanovesicles contain various bioactive molecules, including messenger RNAs (mRNAs), 

micro RNAs (miRNAs), cytokines and growth factors (Yu et al., 2014). MSC-Exos promote 

M2 macrophage polarization and induce regulatory T cells, contributing to their anti-

inflammatory effects (Arabpour et al., 2021; Zhang et al., 2014). They stimulate the production 

of anti-inflammatory mediators like interleukin (IL) 10 (IL-10) and TGF-b while suppressing 

pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a), IL-1b and IL-6 

(Zhang et al., 2014). MSC-Exos have shown therapeutic potential in various inflammatory and 
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autoimmune conditions, including central nervous system (CNS) diseases, inflammatory bowel 

disease, and graft-versus-host disease (GVHD) (Arabpour et al., 2021). Their mechanisms of 

action involve delivering immunoregulatory miRNAs and proteins to target cells, modulating 

immune responses, and promoting tissue repair by activating autophagy and inhibiting 

apoptosis in injured cells (Harrell et al., 2019). Human bone marrow-derived exosomes 

(hBMSCs-Exos) possess advantages compared to the administration of their cellular 

counterparts: determined dosage and potency, avoided invasive cell biopsy, higher chance of 

crossing the blood-brain barrier (BBB), lower or no risk of mutagenicity, oncogenicity and low 

immunogenicity. Also, they have more accessible transport with higher stability in storage 

conditions, which make them safer and more suitable than cellular therapy (Li et al., 2019; Yeo 

et al., 2013). 

 
hMSCs also mediate immunomodulation via paracrine signalling secreting a variety of 

molecules known generally as the secretome. Among these secreted molecules, there are 

multifaceted cytokines, growth factors and chemokines that modulate the function of immune 

cells and include: transforming growth factor-beta 1 (TGF-b1), TNF-a, prostaglandin E2 

(PGE2), interferon gamma (IFN-g), hepatocyte growth factor (HGF), fibroblast growth factor 

(FGF), indoleamine-pyrrole 2,3-dyoxygenase (IDO) and nitric oxide, among many others 

(Salgado et al., 2010).  
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Figure 5. General therapeutic role of hMSCs.  

The therapeutic function of hMSCs is exhibited due to their main functions. Through direct and indirect 

(paracrine) effect, hMSCs induce changes in host or co-cultured cells as inducing cell growth, 

differentiation and trans-differentiation, inhibiting cell apoptosis and modulating the expression of 

several immune cells in order to control neuroinflammation. Released soluble factors also show these 

beneficial effects with special attention to CNS diseases in which they support axonal re-growth and re-

myelination. 

 

On the adaptative immune system, hMSCs can act paracrinally especially with T cells. 

hMSCs inhibit T helper 17 cell (Th17) differentiation by inducing production of IL-2, PGE2 

and inhibiting IL-17, IL-22 and IFN-g (Ghannam et al., 2010). On the other hand, on the innate 

immune system, hMSCs interact with natural killers (NK) cells through secretion of cytokines 

that result in the improve of the defence against infections at the site of injury (Spaggiari et al., 

2006). Also, hMSCs-derived IL-6 protect neutrophils from apoptosis (Raffaghello et al., 2008) 

as well as hMSCs derived-exosomes (Mahmoudi et al., 2019). Regarding its effect on 

monocytes, hMSCs-derived IL-6 prevent the differentiation of monocytes to an anti-

inflammatory IL-10 producing phenotype (Melief et al., 2013) in contrast to hMSC-derived 

PGE-2 that induces the suppression of monocytes differentiation (Spaggiari et al., 2009). 

Derived EVs also have their impact on immune system since they play a critical role on 

macrophage polarization by promoting M2 macrophages downregulating IL-23 and IL-22 

(Hyvärinen et al., 2018; Lo Sicco et al., 2017). 

 

 
 

 

 
 

 

Teeth are calcified structures located in the oral cavity attached to upper and lower jaw. 

These structures are essential in basic human functions as eating, speech and are special 

important in proper facial aesthetics and interpersonal and psychosocial health and well-being 

(Zohrabian et al., 2015). 

 

General anatomy of tooth divides this structure into two parts: the crown, the structure that 

is clearly visible in the oral cavity, and the root, part of tooth that is embedded into the bony 

ridge of the upper and lower jaw named as the alveolar process via attachment to the 

periodontal ligament (Zhang & Yelick, 2021; Zohrabian et al., 2015). Regarding different tissue 

found in teeth, these structures possess diverse hard and soft tissue types that are extremely 

organized. Among hard tissue, enamel is the hardest tissue in the body, embryological derived 

1.4 Dental stem cells. 

1.4.1 Embryology and anatomy of teeth. 
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from ectoderm cells, that protect the tooth crown. It is composed by a highly organized 

structure of carbonate-substituted hydroxyapatite mineral arranged in interlocking prisms. 

Dentin, in turn, is the most abundant tooth tissue and give shape and size to teeth. Its structure, 

characterised by minerals and organic components arranged in a complex organization of 

tubules filled with fluid, can flex and absorb force acting as a substructure to enamel. 

Cementum is located in the embedded part of the tooth and covers all surface of this root, 

placing the structure and attaching periodontal ligament to alveolar bone. Among soft tissue, 

dental pulp stands out for its neurosensory function and regenerative potential. Dental pulp is 

a highly vascularised and innervated tissue located at the core of the tooth. It is composed by 

an extracellular matrix enriched with blood vessels, nerves, odontoblasts and fibroblasts. 

Responding to external signals, providing nutrition and ameliorating neuronal sensitivity by 

repairing pulp through mineralisation are some of dental pulp’s functions. Periodontal ligament 

is located between cementum and alveolar bone. It consists on a dense fibrous connective tissue 

that contains numerous cells, fibbers, rich vasculature and cellular components. This tissue 

participates in tooth anchorage, bone tissue development and homeostasis, nutrition-metabolic 

circulation and innervation (Abrahams et al., 1995; Zohrabian et al., 2015) (Fig. 6). 

 

 
 
Figure 6. Human tooth development and anatomy.  

Schematic outline for the tooth development: ectoderm cells contribute to the formation of tooth enamel, 

whereas, neural crest cells generate the rest of tooth tissues. The core of the tooth is composed of dental 

pulp, a highly vascularised tissue rich in different types of cells including dental pulp stem cells. 

hDPSCs: human dental pulp stem cells. Illustration based on Al Madhoun et al (2021) (Al Madhoun et 

al., 2021). 

 

Odontogenesis, embryonic teeth development, is a complex interactive process involving 

cells of the first branchial arch (dental epithelium) and neural crest derived dental mesenchyme 

(Bilodeau & Hunter, 2021). This process begins at the sixth week of embryological 

development when the dental epithelium invaginates into the underlying mesenchyme to form 

the dental lamina. In the process, ten placodes (focal thickenings of oral epithelium) are formed 

both in mandibular and maxillary arches, the site of future teeth. As the dental epithelium 

develops, dental placodes are separated into the vestibule lamina (which gives rise to the 
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vestibular sulcus) and the dental lamina, whose development is associated to condensation in 

the associated mesenchyme. The proliferation within dental lamina continues giving rise to the 

formation of enamel organ which proceeds morphologically via the bud, cap and bell stages 

prior to initiation of dental hard tissue formation (Bilodeau & Hunter, 2021; Yu & Klein, 2020; 

Zohrabian et al., 2015). In parallel, the associated mesenchyme, originated from the neural 

crest, separates into two subsites: the dental papilla and the dental follicle. Dental papilla is 

enclosed by the developing cap/bell stage of enamel organ formation whereas dental follicle 

surrounds the entire enamel organ (Rothova et al., 2011). Dental hard tissue development is an 

inductive process that starts with the formation of the enamel knot in the inner enamel 

epithelium. This serves as a signalling centre in tooth development, leading to differentiation 

of dental papilla cells into odontoblasts adjacent to inner enamel epithelium. The resulted 

consequence of these differentiation processes is the final maturation of the inner enamel 

epithelium into secretory ameloblasts and the initiation of the enamel formation. The crown 

formation proceeds as the enamel organ's leading edge creates the cervical loop. This cervical 

loop will eventually progress into forming the tooth root, specifically as Hertwig's epithelial 

root sheath. This structure is essential for the development of root dentin, cementum, and the 

periodontal ligament (Guo et al., 2018; Wang & Feng, 2017). Odontogenesis, and more 

specifically the function of dental lamina and dental mesenchyme, is strictly regulated spatially 

and temporally by the activation of signalling pathways including Wnt, Shh (sonic hedgehog), 

and FGF, coordinated by a number of transcription factors (Thesleff, 1995; Yu & Klein, 2020). 

Moreover, a remarkable number of stem cells markers, such as Sex determining region Y-box 

2 (SOX-2), are crucial in the function of dental lamina (Juuri et al., 2013). Due to the human 

dentition is heterodont, meaning that there are four different tooth types, different teeth erupt 

at different times, but they share the same pattern of odontogenesis (Zohrabian et al., 2015). 

 

 
 

 

The neural crest is a transient multipotent population of cells present during early stages of 

vertebrate embryogenesis. Neural crest originates at the lateral border of the neural plate and 

migrates throughout the embryo giving rise to a wide variety of differentiated cell types 

(Noden, 1983; Romer, 1972; Szabó & Mayor, 2018). After migration, differentiation of neural 

crest cells occurs in a region-specific manner. Cephalic neural crest cells give rise to specific 

components of the skull and facial structures, including sensorial and parasympathetic neurons 

of cranial nerve ganglia, vagal neural crest cells play a role in forming the aortic outflow track 

of the hearth and enteric nervous system and trunk neural crest cells contribute towards the 

most posterior region of enteric nervous system, dorsal root ganglia and the adrenal gland 

1.4.2 Dental ectomesenchymal stem cells. 
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(Szabó & Mayor, 2018). These migratory cells differentiate into multiple cells including MSCs, 

vascular smooth muscle cells (VMC), adipocytes, osteocytes, chondrocytes, melanocytes, 

neurons, glia and Schwann cells (Dupin & Sommer, 2012).  

 

The ectomesenchyme is the specific tissue, derived from the neural crest, that contributes 

to the generation of craniofacial structures as oral muscles, bones tongue, craniofacial ganglia 

and nerves, teeth and dental ectomesenchymal stem cells or dental stem cells, which share a 

common origin with neural crest cells (Janebodin et al., 2011). Different types of dental stem 

cells are found in both adult and developing teeth (Fig. 7): 

 

 
 

 

- Stem cells from apical papilla (SCAP). 

 

The apical papilla tissue is only present during tooth development before or during the 

tooth erupts into the oral cavity (Huang et al., 2008). Stem cells residing in this particular tissue 

have shown higher proliferative capacity and greater mineralisation potential in vitro compared 

to other adult dental stem cells (Bakopoulou et al., 2011; Sonoyama et al., 2006), which 

emphasises their therapeutic potential in bone and dental tissue regeneration.  

 
- Stem cells from dental follicle (SCDF). 

 

The dental follicle is an ectomesenchymal tissue that surrounds the developing tooth germ 

(Morsczeck et al., 2005). SCDF are direct precursors of periodontal tissues and can form 

periodontal ligament, cementum and alveolar bone. They are also characterised by their 

multidifferentiation capacity being able to differentiate into osteocytes, adipocytes, 

chondrocytes, neural cells and cardiomyocytes under proper induction environment (Yao et al., 

2008). 

 

 
 

- Periodontal ligament stem cells (PDLSCs). 

 

PDLSCs are specific dental stem cells population which were firstly discovered by Seo 

and colleagues (Seo et al., 2004). PDLSCs have shown expression of MSC markers (Lindroos 

et al., 2008) and neural crest progenitors (NCP) (Bueno et al., 2013) as well as multilineage 

1.4.2.1 Dental stem cells from developing teeth. 

1.4.2.2 Dental stem cells from adult teeth. 
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differentiation ability (Xu et al., 2009) and basal pluripotency markers (Trubiani et al., 2010), 

which makes them a suitable cell source in regenerative medicine. 

 

- Stem cells from exfoliated deciduous teeth (SHED). 

 

SHED are a population of dental stem cells are also found in dental pulp from primary 

exfoliated human teeth. These cells are notable for their greatly proliferation potential (Miura 

et al., 2003) and their basal expression of pluripotency markers (Kerkis et al., 2006). They have 

also been investigated because of their high neurogenic potential being able to differentiate into 

neuron-like cells and integrate in recipient brain tissues (Miura et al., 2003). 

 

- Dental pulp stem cells (DPSCs). 

 

In 2000, Gronthos et al (2000) first reported the existence of mesenchymal cell-like 

population within the pulp tissue of third molar impacted teeth (Gronthos et al., 2000). DPSCs 

are cell population that reside at the perivascular and periodontoblastic compartments within 

the adult tooth pulp (Shi & Gronthos, 2003). Biological function of this cells is to differentiate 

into odontoblast-forming dentin, playing a key role in dentinogenesis (Gronthos et al., 2000). 

DPSCs are the most widely used and understood type of dental stem cells (Campanella, 2018; 

Jain & Bansal, 2015; Mayo et al., 2014; Sharpe, 2016). As other dental stem cells, DPSCs are 

able to differentiate into multiples lineages including osteogenic (Liu et al., 2009; Rodriguez-

Lozano et al., 2012), neurogenic (Arthur et al., 2008), adipogenic (Iohara et al., 2006) and 

chondrogenic (Iohara et al., 2006). In comparison to other populations of mesenchymal stem 

cells, such those derived from bone marrow, DPSCs show higher proliferation rates (Ponnaiyan 

& Jegadeesan, 2014) and a more potent immunomodulation effect suppressing T-cell reactivity 

(Özdemir et al., 2016; Pierdomenico et al., 2005). 

 



Introduction 

 36 

 
 
Figure 7. Sources of oral tissue and dental stem cells.  

Different types of dental stem cells can be observed at different points of tooth development. Before 

tooth eruption, the developing tooth is surrounded by dental follicle, where SCDF can be found. In the 

deciduous tooth, SHED are located at the core of the tooth. Before or during tooth abruption, papilla 

tissue takes place with SCAP. Finally, the fully developed tooth is composed of two different types of 

dental stem cells: dental pulp and periodontal ligament stem cells. Dental stem cells, independently of 

their tissue source, have the ability of multi-differentiation into cells of different lineages. SCDF: stem 

cells from dental follicle; SHED: exfoliated deciduous stem cells; SCAP: stem cells from apical papilla; 

DPSCs: dental pulp stem cells; PDLSCs: periodontal ligament stem cells. Illustration based on Al 

Madhoun et al (2021) (Al Madhoun et al., 2021). 
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Differentiation of adult stem cells into neurons or neural cell types allows a better 

knowledge about physiological and pathological processes in neurological environment. In 

order to both decipher mechanisms or to find therapeutic approaches to human 

neurodegenerative diseases, differentiation of adult stem cells into neurons might help since 

isolation of human neural cell types is strictly invasive. 

 

In the case of human dental stem cells, they have shown a substantial capacity for neural 

differentiation. This important characteristic can be attributed to two main facts: their 

developmental origin from ectomesenchyme layer and their basal expression of pluripotency 

markers such octamer binding transcription factor 3/4 (OCT3/4), Nanog and TRA1-60, which 

enhance their neural differentiation natural ability (Kerkis et al., 2006; Takeyasu et al., 2006). 

All types of human dental stem cells are able to differentiate into neurons and neural cell types. 

Examples of this are studies that reported that human DPSCs (hDPSCs) have shown significant 

potential to generate dopaminergic and spinal motor neurons (Chang et al., 2014; Kanafi et al., 

2014; Király et al., 2011; Osathanon et al., 2014; Urraca et al., 2015; Xiao & Tsutsui, 2013). 

Moreover, SHED have demonstrated similar differentiation capabilities into dopaminergic 

neuron-like cells (Nourbakhsh et al., 2011; Wang et al., 2010), Schwann cells (Yamamoto et 

al., 2016) and regenerate peripheral nerves (Sugimura-Wakayama et al., 2015). SCAP cells, in 

turn, also exhibit differentiation potential towards neuron-like cells (Bakopoulou et al., 2011). 

Interestingly, undifferentiated dental stem cells inherently express neural crest progenitor 

markers even without neural induction. This expression profile includes markers such as 

Nestin, SOX-2, tubulin-b III (TUJ-1), glial fibrillary acidic protein (GFAP), paired box 6 (PAX-

6), gastrulation brain homeobox (GBX), microtubule-associated protein 2ab (MAP2ab), c-

FOS, neurofilaments (NEF-H,NEF-L and NF-100), enolase-2 (ENO-2), Cx, microtubule-

associated protein 2 (MAP2) and tenascin C, among others (Foudah et al., 2014; Martens et al., 

2012, Bueno et al., 2013).  

 

Despite their demonstrated neurogenic differentiation potential, there is not a standard 

neuronal differentiation protocol for human dental stem cells, which translates into high 

variability in endpoint differentiation results. Several factors such as the type of existing (or 

not) substrate, the induction media and the combination of various supplements including or 

not growth factors and small molecules, make it difficult to define the best and ideal protocol 

for neural induction in human dental stem cells. 

 

1.4.3 Neural differentiation of human dental stem cells. 
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The first clinical description of a patient with X-linked adrenoleukodystrophy (X-

ALD) was reported by Haberfeld and Spieler in 1910. They described a 6-year-old boy with 

hyperpigmentation, impaired ocular acuity and academic failure. In the following months, the 

boy’s condition worsened to become incapacitating and died at the age of 7. His older brother 

died at the age of 8.5 with a similar symptomatology. Post-mortem analysis revealed an 

inflammatory response with perivascular accumulation of lymphocytes and plasma cells in the 

nervous system and affected brain white matter (Haberfeld & Spieler, 1910). A few years later, 

in 1923, Siemerling and Creutzfeldt (1923) described a case with a similar disease progression 

but, also, with involvement of the adrenal cortex (Siemerling & Creutzfeldt, 1923). The 

disease, firstly called Schilder’s disease, was renamed as “adrenoleukodystrophy" by Michael 

Blaw in 1970 (Blaw, 1970). 

 

After decades since the first case reported, in 1976, X-ALD research completed a 

significant step forward when Igarashi et al (1976) found unusual high proportion of saturated 

very long chain-fatty acids (VLCFA, C22-C26:0) in cholesterol, phospholipids and 

gangliosides esters in brain and adrenal gland samples from X-ALD patients (Igarashi et al., 

1976; Powers & Schaumburg, 1974). Subsequently, increased amounts of VLCFA were found 

in other complex lipids in all tissues from different X-ALD samples indicating that VLCFA, 

specially hexacosanoic acid (C26:0), could serve as a diagnostic marker (Moser et al., 1981). 

The initial association between the pathology and fatty acids classified X-ALD into the group 

of lipid storage disorders. However, it was accurately reclassified as a peroxisomal disorder 

when Singh et al (1981) discovered that VLCFA were not being degraded in X-ALD patients, 

a process that occurs within peroxisomes (Singh et al., 1981). In 1981, X-ALD gene was 

mapped to the terminal segment of the long arm of X-chromosome (Xq28), which confirmed 

X-linked inheritance (Fanconi et al., 1963). Several years later, in 1993, Moser et al. identified 

X-ALD gene through positional cloning (Mosser et al., 1993), which codes for a peroxisomal 

membrane ABC transporter called adrenoleukodystrophy protein (ALDP) (Mosser et al., 

1994). 

 

 
 

 
X-ALD patients possess a mutation in ABCD1 gene, located in X chromosome (Xq28) 

(Mosser et al., 1994). ABCD1 gene covers 19.9 kb and is composed of 10 exons that codes for 

2. Background of X-linked adrenoleukodystrophy. 

2.1 Historical context of X-linked adrenoleukodystrophy. 

2.2 Gene, mutations and modifiers genes. 
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a 745 amino-acid protein (Sarde et al., 1994), an ATP-binding cassette transmembrane half 

transporter essential for the integration of VLCFA into peroxisomes for their subsequent 

degradation (Kemp et al., 2011; Mosser et al., 1994). 

 

Since 1999, the ABCD1 variant database has catalogued the majority of (likely) 

pathogenic and (likely) benign variants in the ABCD1 gene (Kemp et al., 2001). Currently, 

more than 1220 unique variants in ABCD1 gene have been described in this database (see: x-

ald.nl). The majority of reported ABCD1 variants (pathogenic, benign and unknown) arise 

from missense mutations (64.7%). Pathogenic variants are most frequently found in the 

transmembrane domain (exons 1 and 2, 40%) followed by the ATP-binding domain (exons 6-

9, 30%) and exon 5 (14%) (Mallack et al., 2022). While most patients inherit the defective 

ABCD1 allele from one parent, between 4.1% and 19% of X-ALD cases have been reported to 

carry de novo mutations (Horn et al., 2013; Wang et al., 2011).  

 

The phenotypic expression of the condition is unpredictable and all clinical 

manifestations can be presented in the same family (Berger et al., 1994; Gosalakkal & Balky, 

2010). In 1996, a case-report described the existence of two monozygotic twins with the same 

genome and ABCD1 mutation, but different clinical manifestation. While one of them was 

asymptomatic with normal imaging resonance, the other showed evident brain demyelination 

that give rise to impairments in his gait and visual functions (Korenke et al., 1996). These 

evidences suggest that there is no correlation between genotype-phenotype and environment 

triggers and/or genetic factors may modulate the clinical outcome. One possible explanation to 

this fact is the “three-hit hypothesis” described by Singh and Pujol (2010). Based on this 

hypothesis, the metabolic derangements caused by excess of VLCFA, lower plasmalogens 

levels and induces oxidative stress (first hit) cause inflammatory disease with involvement of 

environmental, stochastic, genetic or epigenetic factors (second hit). Consequently, 

inflammatory response causes a generalized loss of peroxisome or peroxisome function (third 

hit), resulting in cell loss and progressive inflammatory demyelinating disease (Singh & Pujol, 

2010) (Fig. 8).  
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Figure 8. Representative scheme of the three-hit hypothesis.  

Alterations in ABCD1 gene give rise to an altered ALDP protein with loss of function. This loss of 

function give rise to an increase of VLCFA levels and a decrease of plasmalogens levels that contribute 

to an oxidative stress status (first hit). Depending on X-ALD phenotype, this oxidative stress 

environment induces axonal damage (in adrenomyeloneuropathy patients) or neuroinflammation (in 

childhood cerebral X-ALD patients) by not fully understood mechanisms (second hit). The interplay 

between neuroinflammation and generalized peroxisomal disfunction (third hit) contribute to a final 

inflammatory demyelination, the main hallmark of childhood cerebral X-ALD patients. cALD: cerebral 

ALD. From (Singh & Pujol., 2010).  

 

 
 

 

The protein responsible of X-ALD is belonged to ATP-binding cassette (ABC) 

transporters superfamily (Mosser et al., 1993). Structure of functional ABC transporters is 

composed of two analogous units, each with six transmembrane a-helices (TMD) and one 

hydrophilic nucleotide-binding domain (NBD) (Dean & Annilo, 2005) (Fig. 9). ABC 

transporters include membrane proteins responsible for transporting a wide range of substrates 

across cellular membranes, both intra- and extracellularly (Liu, 2019).  

 

2.3 ABC transporters. 
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Figure 9. Human ABCD transporters in peroxisomes: substrates and molecular structure. 

Schematic representation of ABCD transporters found in human peroxisomes and their substrates. 

Molecular structure of ALDP protein containing a transmembrane domain (amino acids 75-352) and a 

nucleotide-binding domain, also named the ATP-binding region (amino acids 474-700). TMD: 

transmembrane domain; NBD: nucleotide-binding domain. Illustration based on Yan et al (2017) (Yan 

et al., 2017). 

 

More specifically, protein related to X-ALD belongs to a specific subfamily called 

ABCD subfamily. ABCD transporters comprise four human genes: ABCD1, ABCD2, ABCD3 

and ABCD4. Three of them encode proteins that are located in peroxisome (ABCD1, ABCD2 

and ABCD3) whereas ABCD4 is found in lysosomes (Kashiwayama et al., 2009). Both 

ABCD1 and ABCD2 are involved in the transport of VLCFA and long-chain fatty acids (LCFA) 

(Van Roermund et al., 2008; Van Roermund et al., 2011) whereas ABCD3 transports branched-

chain acyl-CoA into peroxisomes (Van Roermund et al., 2014) (Fig. 9). In contrast, ABCD4 is 

responsible of cobalamin transport (Coelho et al., 2012). These proteins are half-transporters 

as they function as homo- or hetero-dimers (Dean et al., 2022). There is evidence of both 

homodimerization and heterodimerization of ABCD1 with ABCD2 and ABCD3 in vitro 

(Geillon et al., 2014; Genin et al., 2011; Liu et al., 1999)  although in vivo studies suggest that 

ABCD1 and ABCD3 act as homodimers (Guimarães et al., 2004). Larger structures such as 

tetramers formed by ABCD1 and ABCD2 have also been described (Geillon et al., 2017). 
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VLCFA levels analysis in plasma is the initial and main biomarker of X-ALD. As 

mentioned above, in X-ALD, VLCFA content is increased, principally, tetracosanoic acid 

(C24:0) and hexacosanoic acid (C26:0), in cholesterol esters and complex lipids such as 

gangliosides, phosphatidylcholine, sphingomyelin, cerebrosides and sulfatides (Igarashi et al., 

1976; Moser et al., 1981). 

 

VLCFA are partly absorbed by diet (Kishimoto et al., 1980), but majority of them are 

formed by elongation of long chain-fatty acids (LCFA) as Tsuji et al (1981) demonstrated using 

X-ALD fibroblasts and radiolabelling octadecanoic acid (C18:0) (Tsuji et al., 1981). 

Nowadays, it is known that restriction of VLCFA from diet do not reduce plasma levels of 

VLCFA in X-ALD patients (Brown et al., 1982) and, moreover, the elongation machinery of 

LCFA is elevated in these patients (Kemp et al., 2005). Endogenous synthesis of saturated 

VLCFA, monounsaturated VLCFA and polyunsaturated fatty acids (PUFA) occurs at the 

cytoplasmatic side of the endoplasmatic membrane. Four sequential reaction steps are involved 

in this elongation: condensation, reduction, dehydration and reduction (Kemp & Wanders, 

2010). The enzyme that catalyses the first reaction is named as “elongation of very long-chain 

fatty acids” (ELOVLs) and plays an essential role in the rate of fatty acid elongation (Cook, 

1996). There are seven human described ELOVLs (ELOVL 1-7) with characteristic substrate 

specificity (Jakobsson et al., 2006). Among all human ELOVLs, ELOVL-1 seems to be the 

main elongase that produce C26:0 in humans. Specifically, in X-ALD context, knocking down 

ELOVL-1 in X-ALD fibroblasts resulted in a decrease in C26:0 levels highlighting the 

importance of this enzyme in docosanoic acid (C22:0) to C26:0 elongation (Ofman et al., 

2010). Moreover, two pharmacological compounds that inhibit ELOVL1 resulted in a decrease 

of C26:0 in X-ALD fibroblasts, lymphocytes and microglia. In animal models, inhibitors of 

ELOVL1 (compound 22 and 27), decreased C26:0 levels in blood and brain as well as C26:0 

lysophosphatidyl choline (LPC), suggesting a promising therapeutic approach for X-ALD 

(Boyd et al., 2021; Come et al., 2021).  

 

In X-ALD, peroxisomal b-oxidation is impaired due to mutations in ABCD1 gene. The 

fatty acid b-oxidation pathway is located in peroxisomes in all cell types and organisms ranging 

from yeast and plant cells to mammalian cells. In yeast and plants, this reaction occurs 

exclusively in peroxisome, whereas in eukaryotes, is found in both peroxisome and 

mitochondria. In mammals, peroxisomal b-oxidation is crucial for chain shortening of VLCFAs 

that cannot be degraded in mitochondria, main responsible of degradation of LCFA (Waterham 

2.4 Biochemistry of X-ALD. 
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et al., 2016). b-oxidation in both organelles share catalytic mechanism of chain shortening fatty 

acids substrates by two carbons through a sequential reaction step: dehydrogenation, hydration, 

dehydrogenation and thiolytic cleavage. However, they differ in the way FADH2 is reoxidized 

in the first step of dehydrogenation. While in peroxisomes, FADH2 reacts with O2 to generate 

H2O2 that is catalysed in H2O and O2 by peroxisomal catalase, in mitochondria, the reoxidation 

is coupled to the electron transport chain to produce adenosine triphosphate (ATP) (Van 

Veldhoven, 2010; Wanders & Brites, 2010) (Fig. 10). 

 

 
 

Figure 10. Human peroxisomal and mitochondrial fatty acid b-oxidation.  

The process of fatty acid b-oxidation is the result of different reactions both in peroxisomes and 

mitochondria and their interplay. Fatty b-oxidation, NAD(H) redox shuttles, tricarboxylic acid cycle, 

and the electron transfer chain are represented in blue, purple, red and pink, respectively. The enzymes 

responsible of different depicted reactions are: 1a: acyl-CoA oxidase; 1b: acyl-CoA dehydrogenase; 2: 

enoyl-CoA hydratase; 3: 3-hydroxyacyl-CoA dehydrogenase; 4: 3-ketoacyl-CoA thiolase. ABCD: ATP-

binding cassette transporters of subfamily D; ADP: adenine dinucleotide phosphate; BRCFA: branched-

chain fatty acid; CAC: carnitineacylcarnitine carrier; FAD: flavin adenine dinucleotide; FADH2: reduced 

FAD; LCFA: long-chain fatty acid; MCFA: medium-chain fatty acid; NAD: nicotinamide adenine 

dinucleotide; NADH; reduced NAD; NRS: NAD(H) redox shuttles; OXPHOS: oxidative 
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phosphorylation; TCA: tricarboxylic acid; VLCFA: very long-chain fatty acid. From Fransen et al 

(2017). 

 

 
 

 
X-ALD is the most common peroxisomal and leukodystrophy disease with an estimate 

birth prevalence of 1 in 17000 subjects, including heterozygous women. Due to an aberrant 

accumulation of VLCFA, especially C24:0 and C26:0, X-ALD affects CNS white matter and 

the adrenal cortex (Moser et al., 2007; van der Knaap & Bugiani, 2018). X-ALD patients, 

although asymptomatic at birth, show a wide clinical spectrum ranging from adrenal 

insufficiency (Addison disease) to a progressive inflammatory demyelination (cerebral ALD, 

cALD). The two main phenotypes in male patients are: 

 
- Adrenomyeloneuropathy. 

 

Adrenomyeloneuropathy (AMN) is the most frequent phenotype and it is present in all 

affected patients that reach adulthood. It is characterised by peripheral neuropathy and distal 

axonopathy involving corticospinal tracts of the spinal cord without any involvement of 

neuroinflammation or brain demyelination (Powers et al., 2000). This phenotype is usually 

slowly progressive causing severe motor disability of the lower limbs over one or two decades 

while mild or none disturbances in upper body. Other disturbances are progressive spastic 

paraparesis, sensory ataxia with impaired vibration sense, sphincter dysfunction, impotence 

and scanty scalp hair at early ages (Harris-Jones & Nixon, 1955; Moser et al., 2007). Further, 

70% of AMN patients present adrenocortical insufficiency (Moser et al., 1991). AMN may 

progress toward a cerebral phenotype with demyelination in different brain areas (De Beer et 

al., 2014). The exact prevalence of AMN patients developing demyelination remains unclear 

and depending on the study varies between of 20% to 63% of AMN patients (De Beer et al., 

2014; Van Geel et al., 2001). 

 

- Childhood cerebral ALD. 

 

Childhood cerebral ALD (ccALD) is the most severe phenotype that appears during 

childhood between the ages of four and eight years with a peak at age of seven years. This 

phenotype is characterised by a rapid and severe progressive inflammatory demyelination. The 

first symptoms are related to cognitive dysfunction and behavioural problems often being 

misdiagnosed as attention deficit hyperactivity disorder (Kemp et al., 2016). Subsequently, 

specific neurologic alterations appear such as visual and auditory impairments, motor disability 

2.5 Clinical manifestations. 
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and, occasionally, epileptic seizures. Symptoms progress rapidly and leads to total disability 

within six months to two years and death within five to ten years after diagnosis (Van Geel et 

al., 2001). White matter lesions on magnetic resonance images (RMI) precede clinical 

symptoms and, normally, are firstly originated in the splenium of corpus callosum and extend 

into the parietooccipital periventricular white matter (Melhem et al., 2000).  

 

Other less frequent clinical manifestations of X-ALD have been reported: 

 

- Asymptomatic or presymptomatic. 

 

Asymptomatic X-ALD patients have been diagnosed after family screening. Those patients 

showed either genetic mutation or elevated VLCFA levels without any symptomatology, but 

they may develop cerebral demyelination or adrenocortical insufficiency (Kemp et al., 2001). 

 

- Adolescent cerebral ALD. 

 

Adolescent cerebral ALD (Adol-cALD) can be manifested between ages of ten to twenty-

one. Adol-cALD patients show similar symptomatology as ccALD, but slower initial 

progression (Engelen et al., 2012c). 

 

- Adult cerebral ALD (AcALD). 

 

Inflammatory cerebral demyelination can be also be manifested at adulthood stages 

without any involvement of spinal cord. Diagnosis of these patients is normally delayed when 

no family X-ALD history is present and, as disease progresses, psychiatric symptoms can be 

manifested (Garside et al., 1999). 

 

- X-ALD in women. 

 

Despite its X-linked inheritance, several cases of X-ALD affected women have been 

reported suggesting that female are not just carriers of the disease. X-ALD women show an 

AMN-like phenotype, but with a delayed age of onset around the 4th and 5th decade (O’Neill et 

al., 1984). Cerebral involvement and adrenocortical insufficiency are clinical manifestations 

very rare in these patients (Engelen et al., 2012c). 
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- Addison-only. 
 

Adrenal insufficiency is present in 80% of X-ALD patients and may be the initial symptom 

years before neurological involvement appears. However, there are reports of X-ALD patients 

with biochemical abnormalities related to adrenal insufficiency but any other clinical symptom 

(Dubey et al., 2005; Huffnagel et al., 2019). 

 
 
 

 

Diagnosis of X-ALD is achieved by a combination of biochemical analysis and genetic 

tests. Detection of altered VLCFA levels in plasma is the main biochemical analysis to confirm 

X-ALD. Plasma VLCFA assay detects abnormal highly concentrations of C26:0-LPC and 

abnormal highly ratios C24:0/C22:0 and C26:0/C22:0. However, almost 15% of female carriers 

show normal levels of VLCFA (Moser et al., 1999; Valianpour et al., 2003) and cannot be 

diagnosed using this assay (Jaspers et al., 2020). Furthermore, genetic testing of ABCD1 gene 

is a more robust and specific assay for definitive X-ALD diagnosis (Wiesinger et al., 2015). 

Prenatal diagnosis of X-ALD can be conducted by VLCFA assay (A.Moser & H.Moser, 1999) 

or using polymerase chain reaction (PCR) sequencing via chorionic villous sampling and 

amniocentesis in subsequent pregnancies of women with affected children or family history of 

X-ALD. Preimplantation genetics have been used for both diagnose X-ALD and select healthy 

embryos (Lledó et al., 2007). In 2016, with the validation of a method for detecting C26:0-LPC 

in dried blood spots from new-born (Hubbard et al., 2009), X-ALD was included in the 

Recommended Uniform Screening Panel (RUSP) in the United States of America (USA) 

(Kemper et al., 2017). Nowadays, it is being applied in 43 states of the USA (See: “NewSTEPs 

Newborn screening status for all disorders” database). In Europe, Netherlands has recently 

approved the inclusion of X-ALD in the Dutch new-born screening program (Albersen et al., 

2023) and it is expecting to be included in more countries in the upcoming years. New-born 

screening is essential to increase survivance of affected patients as it allows the identification 

of presymptomatically individuals. 

 

 

 

 

 

 

 

2.6 Diagnosis. 
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Parieto-occipital white matter (maximum 4) Basal ganglia (maximum 1) 

Anterior temporal white matter (maximum 4) 

Frontal white matter (maximum 4) 

§ Periventricular 
§ Central 
§ Subcortical 
§ Local atrophy 

Visual pathway (maximum 4) 

§ Optic radiation 
§ Meyer’s loop 
§ Lateral geniculate body 
§ Optic tract 

Corpus callosum (maximum 5) 

§ Splenium 
§ Genu 
§ Body 
§ Splenium atrophy 
§ Genu atrophy 

Auditory pathway (maximum 4) 

§ Medial geniculate body 
§ Brachium of inferior colliculus 
§ Lateral lemniscus 
§ Pons 

Global atrophy (maximum 4) 

§ Mild 

§ Moderate 

§ Severe 

§ Brainstem 

Cerebellum (maximum 2) 

§ White matter 
§ Atrophy 

Projection fibbers (maximum 2) 

§ Internal capsule 

§ Brain stem  

 
Table 1. MRI severity scale scoring.  

Each region is given a score of 0 for normal, 0.5 for unilateral involvement and 1 for bilateral 

involvement or atrophy. The maximum score is 34. From Loes et al (1994) (Loes et al., 1994). 

 

MRI is parallelly used along with genetic and biochemical assay to diagnose X-ALD 

cases. The X-ALD MRI Severity Scale is an imaging-based scoring system developed by Loes 

in 1994 that determines progression of cerebral disease based on the neuroanatomical 

involvement and the presence or absence of global atrophy. It is composed of 34 points and the 

resulting score helps in the prediction of disease course and in the selection of patients for 

several therapeutic approaches (Loes et al., 1994) (Table 1 and Fig. 11).  
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Figure 11. MRI of X-ALD cases.  

MRI is used to decipher brain involvement in X-ALD patients even before clinical symptoms occur. A) 

Magnetic resonance images of a 9-year-old asymptomatic male with different areas with hyperintensity. 

Total Loes score: 9. B) Magnetic resonance images of symptomatic male with advanced disease. Total 

Loes score: 22. From Kumar et al (2021) (Kumar et al., 2021). 

 

 
 

 

Due to the wide spectrum of clinical manifestations of X-ALD, there is not an available 

therapy for all affected patients. Several therapeutic approaches have been addressed to reduce 

abnormal VLCFA levels and ameliorate neurological symptoms. Different therapeutic 

strategies are recapitulated in this chapter: 

 

- Dietary’s strategy: Lorenzo’s oil. 

 

Lorenzo’s oil is a 4:1 mixture of oleic acid and erucic acid triglycerides that was designed 

to normalize the accumulation of VLCFA in brain. Mechanism of action of Lorenzo’s oil was 

thought to be competitive inhibition preventing the synthesis of satured C26:0. Administration 

of this combined oil, along with dietary restriction of VLFCA, resulted in a reduction of 

VLCFA levels in the plasma of X-ALD patients suggesting a promising therapy (Moser et al., 

1987). However, further studies with symptomatic and asymptomatic patients concluded that 

Lorenzo’s oil does not reduce VLCFA levels in brain (Rasmussen et al., 1994). Moreover, it 

was demonstrated that this oil does not arrest disease progression neither in AMN nor in cALD 

(Aubourg et al., 1993; Rizzo, 1993; Van Geel et al., 1999). 

2.7 Therapeutic strategies. 
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- Metabolic modulators. 

 

Modulation of crucial molecules or enzymes that are determinant in the synthesis of 

VLCFA or in the biochemical process of b-oxidation are other therapeutic approaches that have 

been studied.  

 

Bezafibrate is an inhibitor of the enzyme ELOVL1, responsible of elongation of C24:0 to 

C26:0 as mentioned above (Ofman et al., 2010). Application of this inhibitor to X-ALD 

fibroblasts cultures resulted in a significant reduction of VLCFA levels (Engelen et al., 2012a), 

but it failed in clinical trials with AMN men and women (Engelen et al., 2012b). 

 

The use of statins, such as lovastatin, was also studied in X-ALD context. Lovastatin 

reduces low-density lipoprotein (LDL) cholesterol and it was reported that normalized VLCFA 

levels in plasma of X-ALD patients (Singh et al., 1998). However, in subsequent studies, no 

normalization was reported (Engelen et al., 2010). 

 

Upregulation of b-oxidation through the overexpression of determinant proteins such as 

ABCD2 or peroxisome proliferators is another strategy taken in account to reduce abnormal 

VLCFA in X-ALD. The use of histone deacetylase inhibitor (4-phenyl-butyrate, 4-PB), which 

promote the genetic transcription of ABCD2, brought promising results with a reduction of 

C24:0 levels in brain of Abcd1- knock-out mice (Kemp et al., 1998). However, there have not 

been any clinical trial of 4-PB. Other strategies are the use of thyroid hormone receptor agonist, 

which increase levels of ABCD2 mRNA (Hartley et al., 2017), or administration of 

pioglitazone, a peroxisome proliferator-activated receptor gamma (PPAR-g) agonist, that 

restores mitochondria and halts axonal degeneration in Abcd1- mice (Morató et al., 2013). 

 

- Anti-inflammatory strategies/immunomodulators. 

 

The use of different anti-inflammatory molecules such as cyclophosphamide (Naidu et al., 

1988; Stumpf et al., 1981), interferon-b (IFN-b) (Korenke et al., 1997), intravenous 

immunoglobulins (Miike et al., 1989), and monoclonal antibodies (NatalizumAb) (Berger et 

al., 2010) have been proven to halt neurological disease, but all of them failed. 
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- Antioxidant therapy. 

 

Administration of antioxidants as a promising therapy for X-ALD is based on the 

importance of oxidative stress in the pathophysiology of the disease. Several groups proved 

antioxidant strategy and demonstrated that a combination of multiple high-dose antioxidants 

normalized halted axonal degeneration in Abcd1- mice (López-Erauskin et al., 2011) and 

normalized inflammatory levels and oxidative stress markers (Casasnovas et al., 2019). 

 

- Hematopoietic stem cell transplantation. 

 

Allogeneic hematopoietic stem cell transplantation (HSCT) is the standard established 

therapy for the cerebral phenotype of X-ALD. Mechanism of action of this treatment is based 

on replacement of defective microglia by bone-marrow long-lived macrophages of allogeneic 

donor (Cartier et al., 2014; Moser & Mahmood, 2007; Schönberger et al., 2007). It is 

demonstrated that HSCT arrest neuroinflammation but, it is only effective when performed at 

early stages of the disease (Cartier & Aubourg, 2010). The X-ALD MRI Severity Scale 

developed by Loes in 1994 (Loes et al., 1994) determines progression of cerebral disease but, 

also, suitability to HSCT treatment. Only patients with a Loes score between 5 and 9 and 

without neurologic and neuropsychological deficits are adequate to this treatment with a 

presumable good prognostic (Loes et al., 2003). However, despite its successful therapeutic 

potential, risks and limitations associated to HSCT transplantation are reported. The main 

limitation of HSCT transplantation is the narrow therapeutic window which restricts treatment 

only to a few chosen patients. Moreover, severe GVHD along with immunodeficiency are risks 

associated to HSCT that must be taken in account when performed. Both monitoring X-ALD 

and diagnosis of early cases is essential to determine early onset of disease and treat 

appropriately to permanently arrest disease progression. 

 

- Gene therapy. 

 

Alternative to HSCT is gene therapy. Lentiviral gene therapy for X-ALD consists on 

administration of genetically modified positive CD34 cells (CD34+) with the aim of introduce 

healthy ALDP to patient’s cells. It was first administered to two 7-year-old boys that were 

candidates for HSCT, but no matched donors were available. Successful therapy was resulted 

with arrested progression of cerebral disease at 14 and 16 months (Cartier et al., 2009). Further 

studies including more patients showed similar results concluding that this type of therapy is, 

at least, as safe as allogeneic HSCT (Eichler et al., 2017). However, long-term studies might 

elucidate concerns about possible controversial adverse effects of this therapy. 
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- Oxidative stress. 
 

Oxidative stress is a physiological condition characterised by an imbalance between 

the production of reactive oxygen/nitrogen species (ROS/RNS) and the ability of cells and 

tissues to detoxify or repair the resulting damage through antioxidants. Oxidative stress 

contributes to the development of various diseases such as cardiovascular diseases, 

neurodegenerative disorders and cancer. 

 

ROS encompass a variety of molecules and free radicals (chemical species with one 

unpaired electron) that are physiologically generated from the metabolism of molecular oxygen 

(Halliwell, 2006). ROS include superoxide anion (O-
2), hydrogen peroxide (H2O2), hydroxyl 

radical (HO·), peroxyl radical (RO·2), alkosyl radical (RO·), hydroperoxyl radical (HO·2), 

hypochlorous acid (HOCl), hypobromous acid (HOBr) and singlet oxygen (O2). They are 

highly reactive and can cause significant damage to cells and tissue (Halliwell, 2006). 

Therefore, animals have developed mechanisms to avoid or minimize the production of ROS 

from oxidative metabolism, as well as antioxidant defence systems to limit the pro-oxidant 

activity of these reactive species (Halliwell, 1999). In the antioxidant machinery, there are 

mainly three enzymes that are responsible of scavenging ROS: superoxide dismutase (SOD), 

glutathione peroxidase (Gpx) and catalase. SOD eliminates superoxide radical by converting it 

into oxygen and H2O2. Thus, Gpx and catalase eliminate H2O2 with differences in affinity and 

rates. Molecules such as vitamin C and E also take part of this complex antioxidant system. 

Concretely, vitamin C interacts with ROS to convert them in oxidized forms which can be 

reduced back again by NADPH-dependent (Rose & Bode, 1993) or GSH-dependent (Maellaro 

et al., 1994; Wells & Xu, 1994) dehydroascorbate reductases or by NADH-dependent plasma 

membrane ascorbate free radical reductase (Navas et al., 1994). In turn, antioxidant ability of 

vitamin E is due, in part, to their capability to inhibit propagation of lipid peroxidation in a 

chain reaction by reducing lipid peroxyl groups (Esterbauer et al., 1991).  

 

In physiological conditions, components of antioxidant defence machinery counteract 

oxidative stress by neutralizing free radicals and repairing oxidative damage. However, when 

oxidative stress overwhelms these defence mechanisms, it can lead to chronic inflammation 

and tissue damage, highlighting the importance of maintaining a balance between oxidative 

stress and antioxidant defence for optimal health. Nevertheless, oxidative stress has been 

classically considered to be a common event in neurodegenerative diseases, characterised by 

apoptosis/necrosis and dysfunction of neuronal cells, leading to a notably damage. The brain 

2.8 Hallmarks of X-ALD. 
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is more vulnerable to oxidative stress because of their high oxygen consumption rate, their 

enrichment in redox-active metals and their higher susceptibility to lipid peroxidation 

(McQuillen & Ferriero, 2004). 

 
- Role of ROS and VLCFA in X-ALD. 

 

In the case of X-ALD, oxidative stress is known to be a key feature in the pathogenesis 

of the disease (Singh & Pujol, 2010). First evidences of oxidative stress in X-ALD were given 

by studies that demonstrated higher oxidability of LDL in plasma of X-ALD patients (Di Biase 

et al., 2000) and the presence of inducible-nitric oxide synthase (iNOS) in X-ALD astrocytes 

and microglia from tissue (Gilg et al., 2000). Later studies confirmed evident oxidative stress 

in X-ALD, detecting it in plasma, erythrocytes and fibroblasts from X-ALD patients (Petrillo 

et al., 2013; Vargas et al., 2004), in adrenal cortex and brain tissue sections from ccALD 

phenotype (Powers et al., 2005) and in X-ALD derived lymphoblasts (Uto et al., 2008). 

Oxidative stress is notorious in X-ALD due to a decreased total antioxidant status, being 

evident in symptomatic but none in asymptomatic X-ALD cases (Deon et al., 2007). In the case 

of female carriers, oxidative stress is also present by an increase in lipid peroxidation and 

decreased antioxidant reactivity in plasma, whereas total antioxidant status is not altered (Deon 

et al., 2008).  

 

Further, VLCFA accumulation is responsible of oxidative stress in X-ALD as several 

investigations demonstrated. The generation of ROS due to an excess of C26:0 is demonstrated 

in different cell types such as human X-ALD fibroblasts (Fourcade et al., 2008), immortalized 

neuronal and oligodendrocytes cells (Baarine et al., 2012; Zarrouk et al., 2012), and 

mitochondria and primary astrocytes from wild-type and Abcd1- mice (Kruska et al., 2015). 

Concretely, in human X-ALD fibroblasts, the generation of ROS induced by C26:0 oxidized 

mitochondrial DNA (mtDNA) and impair the oxidative phosphorylation system (OXPHOS), 

triggering mitochondrial ROS production from electron transport chain complexes (López-

Erauskin et al., 2013). 

 

- Mitochondrial dysfunction. 
 

Mitochondria are crucial regulators of energy metabolism and apoptotic pathways. 

Nowadays it is known that these essential organelles have been closely linked to the 

pathogenesis of several diseases including neurodegenerative disorders (Klemmensen et al., 

2024). 
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- Mitochondria functions and components. 

 

Mitochondria are intracellular organelles derived from a-proteobacterial 

endosymbionts (Gray, 2012). Their structure is characterised by a double membrane that 

separates mitochondrial matrix from cytoplasm. The external membrane, the mitochondrial 

outer membrane (MOM), is quite permeable whereas the internal, the mitochondrial inner 

membrane (MIM), is impermeable to most substances. Due to this particular structure, specific 

transport systems have been developed to allow movement of certain molecules in and out of 

the mitochondria. Mitochondria contain a genomic circular DNA, the mtDNA, that encodes 13 

out of 1500 mitochondrial proteins, while others are encoded at nucleus. Thus, mitochondria 

form a dynamic network integrated with other cellular compartments. 

 

The main function of mitochondria is the regulation of most of cell’s function by the 

production of ATP through a process called OXPHOS. Given their essential role in energy 

metabolism, they are named as “the powerhouse of the cell” (Friedman & Nunnari, 2014). 

However, apart from their involvement in energy metabolism, they also participate in other 

important cellular functions such as the modulation of calcium signalling and homeostasis, the 

control levels of ROS and the stimulation of immune responses. Their highly dynamics and 

closely involvement in cell death pathways enable them an easily switch from the regulation 

of a normal cell status to the promotion of cellular stress. 

 

The core of energy metabolism relies on mitochondrial respiratory chain, the basic 

structure for OXPHOS. During these processes, NAD+ or FAD are reduced and form NADH 

and FADH2. In the MIM, electrons are transferred from NADH/FADH2 through the four 

complexes (complex I to IV) of the electron transport chain (ETC) and finally passed to O2 to 

form H2O. The oxidation of reducing agents (NADH/FADH2) produces energy which allows 

the pump of protons from the matrix to the mitochondrial intermembrane space. Thus, an 

electrochemical gradient is generated across MIM and generated energy is used by ATP-

synthase (or complex V) to generate ATP from adenosine diphosphate (ADP). 

 

- Mitochondrial dysfunction in X-ALD. 
 

Despite being originally classified as a peroxisomal disorder, there are evidences of 

mitochondrial dysfunction in X-ALD due to their oxidative stress status. Several investigations 

pointed out the cellular consequences of aberrant VLCFA accumulation at mitochondrial 

levels, suggesting that this organelle has an important role in the pathogenesis of the disease. 
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The precise mechanism by which VLCFA results in cell and tissue damage remains 

obscure, but there are several hypotheses about their relationship with alterations in 

mitochondria and/or mitochondrial processes. One of them is based on the disturbance of 

physiological membrane functions in mitochondria in vitro due to VLCFA storage in complex 

lipids such as LPC. This fact may lead to the formation of mitochondrial ROS and consequent 

tissue damage (Fourcade et al., 2008). There are other studies that reported that VLCFA 

decrease phospholipid bilayer stability in higher concentrations in vitro (Ho et al., 1995; Turk 

et al., 2020). In the case of myelin, dysfunction leads to a redistribution of Na+/K+ transporters 

along axons. This fact increases axonal ATP consumption, which also results in ROS formation 

due to a consequent hypoxia (Fourcade et al., 2008; Low & Ginhoux, 2018; Singh & Pujol, 

2010; Turk et al., 2020). VLCFA-derived ROS are mainly originated in mitochondria and 

produce mitochondrial membrane depolarization along with the opening of mitochondrial 

permeability transition pore (mPTP) (Fourcade et al., 2008; López-Erauskin et al., 2013). 

Cytotoxicity of VLCFA was also studied in oligodendrocytes and astrocytes causing cell death 

within 24 hours (Hein et al., 2008). In addition to these hypotheses, transcriptomic functional 

analysis in X-ALD mice and human patients described a common abnormal metabolic pathway 

signature characterised by mitochondrial dysregulation, among others (Schlüter et al., 2012). 

 

Overproduction of ROS is a common fact in neurodegenerative diseases (Kim et al., 

2015) and it is not clear if it is a primary step in pathogenesis of X-ALD or if it is a consequence 

of another factors. Nevertheless, these studies demonstrated an interplay between oxidative 

stress and global mitochondrial dysfunction in the pathogenesis of X-ALD. 

 

- Neuroinflammation. 
 

The alteration of inflammatory response is one of the characteristics of 

neurodegenerative diseases. In a disease state, neuroinflammation and oxidative stress can 

stimulate one another since inflammatory cells can secrete reactive species that promote 

oxidative stress (Teleanu et al., 2022). These reactive species can further promote intracellular 

signalling cascades resulting in an increased expression of pro-inflammatory genes. In 

physiological conditions, inflammatory response is a mechanism of defence against diverse 

insults, but, when there is a redox imbalance, inflammatory response does not perform 

accordingly producing neuroinflammation in CNS. Thereby, neuroinflammation can be 

described as an inflammatory response in CNS to several factors that act against homeostasis 

(Ransohoff, 2016; Solleiro-Villavicencio & Rivas-Arancibia, 2018). 
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The main regulator of neuroinflammation is microglia. These cells are the resident 

macrophages in the brain that have numerous functions both in health and disease status 

(Cartier et al., 2014; Tremblay et al., 2011). Under physiological conditions, microglia exhibit 

a deactivated phenotype and exhibit beneficial roles in CNS homeostasis and in remodelling 

neuronal circuits. Nevertheless, imbalances in brain homeostasis due to stress, trauma, disease 

or pathology, induce changes in microglia phenotype converting them in activated microglia. 

This activation results in the promotion of several inflammatory and cytotoxic components to 

initiate the repair mechanism and, once the damage has been repaired, astrocytes turn to their 

deactivated form (Guo et al., 2022). However, if the damage persists, the amount of cytotoxic 

components leads to cell death (Wyss-Coray & Mucke, 2002). 

 

- Role of VLCFA in neuroinflammation. 
 

Inflammation in X-ALD is a critical factor as it is the main difference between cerebral 

phenotypes and AMN. The inflammatory brain lesion in cALD is characterised by impaired 

integrity of the blood-cerebrospinal fluid/blood-brain barrier (BCSFB/BBB) and recruitment 

of immune cells from the periphery (Powers et al., 1992). Increased levels of TNF-a and others 

pro-inflammatory mediators are found in demyelinating lesions of cALD (Gilg et al., 2000; 

Khan et al., 2010; Schlüter et al., 2012; Weinhofer et al., 2018). Alterations of VLCFA 

metabolism results in functional alteration of monocytes and macrophages (Weber et al., 2014). 

Moreover, there is a notable impairment of plasticity of X-ALD macrophages since they are 

less able to adopt an anti-inflammatory phenotype (Weber et al., 2014; Weinhofer et al., 2018). 

 

Taking altogether, a possible explanation about inflammation in X-ALD could be an 

initial disruption of myelin sheets caused by VLCFA accumulation. This disruption causes 

myelin break down. Consequently, nearby astrocytes and macrophages are stimulated in 

response to the liberation of these myelin components and initiate TNF-cytokine cascade 

signalling resulting in demyelinating microenvironment. Several studies evaluated immune 

cells in X-ALD and demonstrated that monocytes, progenitors of macrophages, showed higher 

VLCFA accumulation suggesting more vulnerability to cALD (Weber et al., 2014). In addition 

to this fact, there is also evidence of alteration in oligodendrocyte maturation in the cerebral 

form of X-ALD (Schlüter et al., 2018) (Fig. 12). 

 

Proteostasis impairment, endoplasmic reticulum stress or lipid imbalance are other 

hallmarks that have been analysed in the pathology of X-ALD. However, mechanisms involved 

in each specific factor are not fully covered and, consequently, there is a lack of knowledge of 

crucial aspects of pathogenesis of X-ALD and specifically of their different phenotypes. 
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Figure 12. Mechanisms involved in inflammatory demyelination.  

The absence or alteration of ALDP leads to an accumulation of VLCFA, originating from the elongation 

of LCFA through elongase enzymes (primarily ELOVL6 and ELOVL1). The increase in VLCFA levels 

causes severe damage to mitochondria, resulting in significant oxidative stress. Mitochondria exhibit 

alterations in OXPHOS, increased ROS and also promote the induction of the Nk-B transcription factor. 

These events lead to an inflammatory state, which causes a recruitment of monocytes and other immune 

cells. Macrophages phagocytose parts of myelin, and together with astrocytes, release pro-inflammatory 

cytokines, further increasing the inflammatory state and leading to severe demyelination. In response to 

demyelination, the remyelination mechanism is activated by oligodendrocytes. OPCs migrate to the area 

and begin the differentiation process into mature oligodendrocytes capable of forming myelin. However, 

in ccALD, there is evidence of oligodendrocyte death and suppression of genes related to their 

maturation. 
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The development of animal models reproducing physiopathological processes of different 

diseases is crucial to understand mechanisms and find possible therapeutic options. In X-ALD 

context, animal models facilitate knowledge about unknown mechanisms of pathology. 

Nevertheless, there is still a lack of appropriate animal model to study cerebral involvement of 

the most devastating phenotype: ccALD. For this reason, the use of human cellular types 

isolated from specific X-ALD patients is an alternative in response to failed animal models. 

The specificity of in vitro strategies could shed light on X-ALD research. 

 

 
 

 

Due to the complexity of the disease and the resulting lack of an ideal and specific 

animal model, exploring the development of in vitro strategies, as a disease-specific cellular 

models, becomes a feasible option to study. 

 

The first studies using human cell types in X-ALD context were focused on 

deciphering correlations between several basic characteristics of the disease, but any robust in 

vitro model was established. The use of human X-ALD fibroblasts to study the disease brought 

important findings: affected fibroblasts showed variable expression of ALDP (Kemp et al., 

1996; Watkins et al., 1995), impaired VLCFA-CoA b-oxidation (Wiesinger et al., 2013) and 

reproduced an oxidative stress pattern due to VLCFA accumulation (Fourcade et al., 2008). 

Nevertheless, human in vitro strategies in X-ALD context were restricted to fibroblasts due to 

the inaccessibility to a more specific cell types related to the disease such as neural cell types. 

 

The use of murine cell types allowed accessibility to specific cell types more 

appropriate to study CNS diseases. Several investigations were focused on silencing ABCD1 

and ABCD2 of murine glial cells through RNA interference. These studies revealed a direct 

link between the build-up of VLCFA and oxidative stress by the presence of ROS levels and 

structural and functional changes in mitochondria (Baarine et al., 2012; Singh et al., 2013). 

Additionally, there was observed an association between induction of transcriptional factors 

involved in inflammation processes such as nuclear factor kappa light-chain enhancer of 

activated B cells (NF-kB) (Singh et al., 2009). In subsequent years, advancements in gene 

editing techniques led to the development of murine microglial models using clustered 

regularly interspaced short palindromic repeats (CRISPR/Cas9). These new models replicated 

key biochemical features of the pathology, including VLCFA accumulation and lipid inclusions 

3. Modelling X-ALD 

3.1 Cellular models. 
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with similar profiles than observed in patients’ macrophages (Raas et al., 2019). Once again, 

these findings highlight the connection between peroxisomal deficiencies and the onset of 

inflammation in ccALD. As mentioned, cellular models based on non-human cells replicate 

biochemical processes observed in the disease and have provided insights into mechanisms 

involved in the pathophysiology, complementing findings obtained from human patient 

fibroblasts. However, the introduction of advanced new technologies such as cellular 

reprogramming has been transformative in developing more suitable in vitro models. Since 

then, X-ALD derived fibroblasts have been successfully reprogrammed to iPSCs. These 

undifferentiated stem cells can be differentiated into cellular derivatives of any of the three-

germ layers to obtain specific cell types with original mutations present in patients. Following 

this methodology, various researchers have developed cell models from fibroblasts. Jang et al 

(2011) differentiated AMN and ccALD fibroblasts into neurons and oligodendrocytes and 

found biochemical differences between phenotypes that had not been previously observed in 

fibroblasts (Boles et al., 1991; Moser et al., 1999). These studies indicated a higher VLCFA 

accumulation in oligodendrocytes derived from ccALD compared to those derived from AMN 

patients (Jang et al., 2011). Additionally, Baarine et al (2015) also obtained astrocytes and 

determined that those obtained from ccALD patients exhibited a higher expression of pro-

inflammatory cytokines when cultured with a mixture of cytokines and/or lipopolysaccharide 

(Baarine et al., 2015). The results of both studies allowed, to some extent, the reproduction of 

biochemical aspects of both phenotypes and the study of epigenetic mechanisms involved in 

the synthesis of VLCFA in oligodendrocytes derived from ccALD and the pro-inflammatory 

response in ccALD astrocytes. An unresolved issue remains whether the epigenetic structure 

of cells derived from iPSCs is equivalent to non-reprogrammed cells in patients. Over the years 

more precise cellular models have been developed with the aim to understand specific 

pathophysiological aspects of different phenotypes of X-ALD. One example of this is the study 

of Lee et al (2018) that analysed the role of BBB in inflammatory demyelination of ccALD 

phenotype. They developed a robust BBB cell model from reprogrammed ccALD fibroblasts 

that were differentiated to specific BBB endothelial cells. Interestingly, these differentiated 

cells revealed differences in neutral lipid accumulation and also showed structural and 

functional impairments (Lee et al., 2018). 

 

Most of the research on X-ALD using cells has been conducted either with 

reprogrammed human fibroblasts or with modified animal cells. While these studies have led 

to certain advancements, the mechanism by which the disease is triggered remains unknown. 

Therefore, developing cellular models that more closely reflect the pathogenic reality of 

patients is essential to study all the factors involved in the tissue context. This is also necessary 

to find an effective and definitive therapy to improve the prognosis of the disease.
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This image is property of Claudia Pérez García. Immunofluorescence of direct co-cultures of human dental pulp 
and bone marrow stem cells against GFP, RFP and Human mitochondria. Image acquisition: Leica SPEII confocal 
microscope. 
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The general objective of this Doctoral Thesis is to develop a novel in vitro model of X-

linked adrenoleukodystrophy using dental pulp stem cells and to analyse the direct and indirect 

therapeutic effect of human bone marrow derived mesenchymal stem cell on this model.  

 

These aims were accomplished by fulfilling the following objectives: 

 

1) To analyse X-ALD hallmarks in human dental pulp stem cells derived from X-ALD 

patient. To accomplish this objective, we: 

 

- Evaluated the genetical environment of X-ALD human dental pulp stem cells through 

sequencing. 

 

- Analysed the expression of the protein responsible of the disease and its colocalization 

with peroxisomes. 

 
- Studied the accumulation of neutral lipid through different neutral lipid staining and 

its comparison to healthy cells. 

 
- Assessed cytotoxic effects related to X-ALD such as oxidative stress and higher 

concentrations of hexacosanoic acid. 

 
- Investigated if differentiated neural cells maintain X-ALD phenotype through neutral 

lipid accumulation. 

 
- Analysed functionality of X-ALD differentiated cells. 

 

2) To evaluated the possible rescue of phenotype by the direct and indirect use of human 

bone marrow derived mesenchymal stem cells. To accomplish this objective, we: 

 

- Established	lentiviral	transduction	to	clearly	differentiate	speci2ic	cell	populations	

derived	from	human	dental	pulp	and	bone	marrow. 

 

- Performed direct co-cultures of these specifically labelled cells. 

- Assessed exchange of cytoplasmatic and membrane material. 

Objectives 
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- Evaluated exchange of mitochondria derived from human bone marrow cell cultures 

and its inclusion in human dental pulp stem cell cytoplasm. 

 
- Determined changes induced by direct effect of hBMSCs on X-ALD neural-like cells. 

 
- Isolated microvesicles derived from CM of human bone marrow derived mesenchymal 

stem cells. 

 
- Established indirect co-cultures through the addition of CM-containing EVs. 

 
- Analysed the indirect effect of this conditioned media on neutral lipid accumulation of 

X-ALD dental cells. 

 
- Evaluated the protective effect of this conditioned media in X-ALD cells exposed to 

oxidative stress and cytotoxic conditions. 
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This image is property of Claudia Pérez García. Phase contrast image of human dental pulp stem cells migrating 
in wound healing assay. Image acquisition: Sartorious InCuCyte s3. 
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All human-derived materials used in this study were obtained in strict adherence to 

ethical standards and regulations (ADH.NEU.SMP.CPG.23). Human teeth with X-ALD 

diagnostic were provided through donations facilitated by certified foundations (ELA 

Foundation, Spain) following approval by the corresponding ethics committee. Control teeth 

were obtained from donations to IMIB-Biobanc (National Biobanc Network, ISCIII) from 

children without known pathology story, following the same ethical committee approval. 

Informed consent was obtained from all authorized donors or their representatives, ensuring 

compliance with both institutional and international guidelines for research involving human 

subjects. Derived X-ALD hDPSCs were obtained from a 7-year-old male donor with clinical 

diagnostic but without genetic diagnostic of X-ALD. 

 

 
 

Human deciduous premolars were extracted and collected from three different healthy 

donors and one X-ALD patient. To obtain hDPSCs, dental pulp was harvested and, then, was 

digested with type I collagenase (3 mg/ml; Sigma-Aldrich; C7657) and dispase II (4 mg/ml; 

Sigma-Aldrich; D4693) in Dulbecco’s Minimal Essential Medium (DMEM; Gibco; 11965092) 

1X for 1 hour at 37ºC. The reaction was stopped by the addition of cold DMEM 1X. Dissociated 

dental pulp tissue was centrifuged at 1100 rpm for 5 minutes and the pellet, composed by 

hDPSCs, was resuspending in serum-containing media (designated as the basal media) 

composed of DMEM 1X supplemented with foetal bovine serum (15%; FBS; Fisher Scientific; 

10309433), non-essential aminoacids (1%; NEAA; Gibco; 11140035), penicillin-streptomycin 

(100 units/ml; Gibco; 15140122) and L-glutamine (2mM; Gibco; 11500626). The cell 

suspension was plated into 6-well plates (Corning Falcon; CLS353934) and incubated at 37ºC 

and 5% CO2.  

 

 
 

Bone marrow MSCs were obtained from Hemotology Service of Arrixaca Universitary 

Hospital and IMIB cell theraphy unit, from the analitical fraction of bome marrow donations, 

accomplishing the corresponding informed consent approval. Bone marrow was collected with 

Material and methods 

1. Primary cultures.  

1.1 hDPSCs isolation. 

1.2 hBMSCs isolation. 
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20 U/ml sodium heparin (Sigma-Aldrich; H3393), followed by a Ficoll density gradient-based 

separation by centrifugation at 540g for 20 minutes. After, mononuclear cell fraction was 

collected, washed twice with Ca2+/Mg2+-free phosphate buffered saline 1X (PBS 10X: 80 g 

NaCl, 2 g KCl, 14.4 g Na2HPO4, 2.4 g KH2PO4) and seeded into 175-cm2 culture flasks (Nunc, 

Thermo Fisher Scientific) at a cell density of 1.5·105 cells/cm2 in DMEM low glucose medium 

(Gibco; 11885084) supplemented with FBS (10%), GlutaMAX (1%; Gibco; 35050038) and 

penicillin-streptomycin (1%). After 3 days of culture, non-attached cells were removed and 

fresh complete medium was added.  

 

 
 

 

 

 

To induce neural differentiation, hDPSCs were allowed to adhere to plates or human 

collagen type IV (Sigma-Aldrich; C5533)-coated glass coverslip overnight. The following day, 

media was removed and hDPSCs were culture for 2 days in serum-free media (designated as 

the neural basal media) consisting in Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12 

Glutamax; Gibco; 11320033) supplemented with N2-supplement (1%; Gibco; 11520536), 

glucose (0.6%; Gibco; A2494001), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(5mM; HEPES; Gibco; 15630056), human serum albumin (0.5%; Sigma-Aldrich; A9080), 

heparin (0.0002%), non-essential aminoacids (1%) and penicillin-streptomycin (100 units/ml). 

On day 3, cells were cultured in neural induction media, consisting in the neural basal media 

supplemented with retinoic acid (500 nM; MedChemExpress; HY-14649), dibutyryl cyclic 

adenosine monophospate (1 mM; dbcAMP; Sigma-Aldrich; D0627) and a mix of growth 

factors: brain-derived neurotrophic factor (10 ng/ml; BDNF Gibco; 450-02), glial cell derived 

neurotrophic factor (10ng/ml; GDNF; Peprotech) and insulin-like growth factor (10 ng/ml; 

IGF-1; R&D systems). 

 

 
 

Based on publication related to VLCFA topic (López-Erauskin et al., 2013), we choose 50 

µM of C26:0 as a starting point of concentration to analyse the effect on hDPSCs. 5 mM of 

C26:0 (Sigma-Aldrich; 52200) stock solution was prepared combining heat and sonication in 

order to solubilize fatty acids in 100% ethanol (etOH; Montplet; #ALCH0321F5). Proper 

concentration of C26:0 was diluted in DMEM 1X and incubated with hDPSCs for 48 hours 

prior analysis. 

 

2. Cell culture treatments. 

2.1. Neural like differentiation of hDPSCs. 

2.2. Cell cultures with an excess of VLCFA. 
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Assessment of oxidative stress was studied by the addition of hydrogen peroxide (H2O2; 

Sigma-Aldrich; 95321) to cell cultures. Briefly, different concentrations of H2O2 (250, 500 and 

1000 µM) were added to hDPSCs and incubated for 2 hours at 37ºC and 5% of CO2. Then, 

changes in cell morphology and viability were evaluated. Based on previous report (Saleem et 

al., 2021) we chose 500 µM of H2O2 as standard concentration to induce oxidative stress on 

hDPSCs. hDPSCs grown on either bovine gellatin (0.4%; Sigma-Aldrich; G1890)-coated glass 

coverslips or in plastic surface of multi-well plates were previously washed with sterile PBS 

1X and then incubated with 500 µM of H2O2 solution for 2 hours at 37ºC and 5% CO2. 

 

 

 

CM-containing EVs previously collected from hBMSCs flask cultures were added to 

hDPSCs cultures. Shortly, hDPSCs grown overnight were washed with sterile PBS 1X and, 

then, incubated with a dilution of CM-containing EVs with DMEM 1X in a ratio 1:1. 

Incubation of CM-containing EVs on hDPSCs were maintained for 72 hours before any type 

of analysis. 

 

 

 

CM-containing EVs was obtained from 80-90% confluent hBMSCs. hBMSCs were 

previously washed with sterile PBS 1X and, then, incubated with DMEM 1X supplemented 

with penicillin-streptomycin (1%) for 48 hours. Supernatants, composed mainly of EVs, were 

then removed and stored at -80ºC prior to being used within culture experiments. 

 

 

 

EVs were isolated from CM by ultracentrifugation. In brief, CM-containing EVs was 

removed from hBMSCs flask cultures and collected. Before EVs isolation, supernatants were 

centrifuged at 1100 rpm for 5 minutes at room temperature (RT) to eliminate cell debris. Then, 

supernatants were transferred to polycarbonate bottles with cap assembly (Beckman Coulter; 

355618) and ultracentrifugated twice at 118000g for 1 hour at 4ºC (Beckman Coulter Optima 

XL-100K using Beckman type 70 Ti rotor with fixed angle). The resulting pellet was composed 

of a mixture of EVs of different their size: large EVs (LEVs) and small EVs (sEVs). EVs 

characterisation was performed by imaging flow cytometry and further confirmed by 

2.3. Induction of oxidative stress. 

2.4. Indirect co-culture of hDPSCs and hBMSCs. 

3. Preparation of CM from hBMSCs. 

4. EVs isolation. 
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transmission electronic microscopy (TEM), conducted exernally at Instituto de Investigación 

Sanitaria y Biomédica de Alicante (ISABIAL). 

 

 

 

In order to achieve a standardised and reproducible scratch assay, commercial two-well 

inserts were used (Ibidi; 80209). hDPSCs were seeded in wells in an appropriate cell density 

to achieve a cell monolayer within 24 hours (57.500 cells/well). The following day, insert was 

removed and a homogeneous wound area was clearly notable. Cell migration was then assessed 

by time-lapse imaging at different times using InCuCyte S3 incubator (Sartorious). 

 

 

 

hDPSCs cultured in T-25cm2 flask cultures (Falcon; 353108) were washed with sterile 

PBS 1X and collected by trypsinization with trypsin/EDTA (0,25%; Gibco; 25200056). Cell 

pellets were lysed using RIPA lysis buffer (1%; Thermo Scientific; 89900) supplemented with 

a cocktail of protease inhibitors (Roche; 4693159001) and centrifuged at 12.000 rpm for 30 

minutes. BCA assay (Thermo Scientific; 23227) was performed to quantify the concentration 

of total protein within each cell lysate sample according to manufacturer’s instructions to 

ensure equal loading of cell lysates. BCA assay results were read on a plate reader (Infinite M 

nano; Tecan group) with proper settings for this assay. Lysates with equal amount of protein 

(10µg) were denatured by boiling in SDS-PAGE sample buffer (4X: 0.25M Tris-HCl pH:6.8; 

8% sodium dodecyl sulfate (SDS), 40% glycerol, 0.02% bromophenol blue, 20% b-

mercaptoethanol) at 95ºC for 5 minutes. Samples were then loaded into an SDS-

polyacrylamide gel (Table 2) and separated by electrophoresis. Afterward, proteins were 

transferred into a nitrocellulose membrane (Amersham; GE10600007). blocked in bovine 

serum albumin (5%; BSA; Sigma-Aldrich; A7906), in TBS-T (20 mM Tris, 150 mM NaCl, 

0.1% Tween-20, pH 7.6) and incubated overnight at 4ºC with gentle agitation in primary 

antibody (Table 3) diluted in blocking solution. The next day, membrane was incubated with 

appropriated secondary antibody horseradish peroxidase (HRP) conjugated antibody (Table 4), 

washed three times with TBS-T and visualized using an enhanced chemiluminescence (ECL) 

substrate (Immobilion Forte; Merck Millipore; WBLUF0100). Specific protein expression 

patterns were detected using an Amersham Imager 680 (GE Healthcare Life Sciences) western 

blot detection system. 

 

 

5. Wound healing assay. 

6. Immunoblotting. 



  Material and methods 

 73 

Separating gel 

7.5% of acrylamide/polyacrylamide 

Stacking gel 

4% of acrylamide/polyacrylamide 

Source 

H2O H2O - 

Tris-HCl 1.5 M pH:8.8 Tris-HCl 0.5 M pH: 6.8 - 

SDS SDS Sigma-Aldrich 
L4390 

Acrylamide/Bis-acrylamide  Acrylamide/Bis-acrylamide Sigma-Aldrich 
A3574 

Tetramethylethylenediamine (TEMED) TEMED Sigma-Aldrich 
T9281 

Ammonium persulfate (PSA) PSA Sigma-Aldrich 

A3678 

 
Table 2. Composition of SDS-polyacrylamide gel of immunoblotting. 

 

 
Antibody Source Reference Dilution 

a-ALDP (rabbit) Abcam AB197013 1:10000 

a-b actin (mouse) Sigma A5441 1:7500 

 
Table 3. Primary antibodies used for Western blot experiments.  

 

 
Antibody Source Reference Dilution 

a-rabbit IgG (goat) HRP Vector PI-1000 1:4000 

a-mouse IgG (goat) HRP Dako P0447 1:5000 

 
Table 4. Secondary antibodies used for Western blot experiments. 

 

 

 

A standard immunofluorescence protocol was used. First, hDPSCs cultured on 

coverslips were fixed in paraformaldehyde (4%; PFA; Merck-Sigma; #158127), washed, 

permeabilized with TritonX-100 (0.1%; Merck-Sigma; 9002-93-1) and blocked with goat 

serum (10%; Sigma-Aldrich; #S3772), BSA (5%) and PBS 1X. Afterward, they were incubated 

with primary antibody (Table 5) diluted with blocking solution overnight at 4ºC. The following 

day, hDPSCs were incubated during 1 hour with secondary antibodies, which were conjugated 

Alexa Fluor antibodies (Table 6). 4′,6-diamidino-2-phenylindole (1:10000; DAPI; Thermo 

Fisher Scientific; 11540206) was used to stain nuclei by incubating for 5 minutes at RT. The 

7. Immunofluorescence. 
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coverslip was mounted onto Starfrost microscope slides (Knittel Glass) using Mowiol-NPG 

(Sigma-Aldrich; 475904) as antifaded mounting medium. Samples were observed and 

micrographs were taken under Leica SPEII confocal microscope (Leica Microsystems). 

 
Antibody Source Reference Dilution 

a-ALDP (rabbit) Abcam AB197013 1:100 

a-ACE2 (rabbit) Abcam AB15348 1:500 

a-Connexin-43 (rabbit) Cell Signalling #3512 1:100 

a-GFP (chicken) Aves Labs GFP-1010 1:500 

a-MAP2 (chicken) Invitrogen PA1-10005 1:10000 

a-Mitochondria (mouse) Chemicon MAB1273 1:300 

a-Nestin (mouse) Chemicon MAB5326 1:200 

a-Nav1.6 (rabbit) Alomone Labs ASC-009 1:200 

a-PMP70 (mouse) Merck SAB4200181 1:100 

a-RFP (rabbit) Abcam AB62341 1:500 

 
Table 5. Primary antibodies used for immunofluorescence experiments. 

 

 
Antibody         Source Reference Dilution 

a-rabbit IgG (donkey) Alexa Fluor 488 Invitrogen A 21206 1:500 

a-rabbit IgG (donkey) Alexa Fluor 594 Molecular Probes A21207 1:500 

a-rabbit IgG (goat) Cy5 Molecular Probes A10523 1:500 

a-chicken IgY(IgG) (rabbit) FITC Sigma F8888 1:500 

a-chicken IgG (goat) Molecular Probes A11042 1:500 

a-mouse IgG (donkey) Cy5 Jackson Immuno Research 715-175-

150 

1:500 

a-mouse IgG (goat) Alexa Fluor 594 Molecular Probes A11032 1:500 

 
Table 6. Secondary antibodies used for immunofluorescence experiments. 

 
 

 

For neutral lipid staining, hDPSCs cultured on glass coverslips were fixed with 4% PFA for 15 

minutes at RT and subsequently washed with PBS 1X. Neutral lipids were stained using 

different stains: Oil Red O (ORO; Sigma-Aldrich; O1391), BODIPY 493/503 (Invitrogen; 

D3922) and LipidTOX Deep Red (Invitrogen; H34477). 

 

8. Neutral lipid staining. 
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For ORO staining, fixed cells were incubated with 0.3% of ORO staining solution in 

isopropanol at RT with agitation during 20 minutes. Excess of dye was removed washing with 

distilled water. After staining, coverslips were mounted on glass slides with mounting medium 

(Eukitt Classic Mounting Media; Aname; 15322-10) and sealed for imaging in Leica DMR 

fluorescence microscope. 

 

BODIPY 493/503 staining was performed incubating fixed cells with 2µM of dye 

diluted in PBS 1X for 15 minutes at RT in the dark. Excess of dye was removed washing with 

PBS 1X. DAPI was used to stain nuclei. After staining, coverslips were mounted on glass slides 

with antifade mounting medium (Mowiol-NPG) and sealed for imaging in Leica SPEII 

confocal microscope. 

 

LipidTOX Deep Red staining was performed incubating fixed cells with diluted dye 

(1:500 in PBS 1X) for 30 minutes at RT in the dark. Excess of dye was removed washing with 

PBS 1X. DAPI was used to stain nuclei. After staining, coverslips were mounted on glass slides 

with antifade mounting medium (Mowiol-NPG) and sealed for imaging in Leica SPEII 

confocal microscope. 

 
 

 

For analysing H2O2-induced stress on hDPSCs, we used Caspase 3/7 ready-reagent to evaluate 

cell apoptosis. In short, cells were washed twice with PBS and incubated for 30 minutes with 

CellEvent Caspase-3/7 Green Detection Reagent (ThermoFisher Scientific; C10423) in a 

dilution of 1:400 in DMEM1X. Then, cells were analysed using InCuCyte s3 incubator and 

processed by its software (Sartorious). 

 

 

 

 

 

Expression of MSC markers was analysed by flow cytometry. Briefly, hDPSCs and 

hBMSCs cultures were washed and harvested using trypsin digestion for 5 minutes at 37ºC, 

centrifuged for 5 min at 1100 rpm at RT and resuspended at a concentration of 106 cells/ml in 

DMEM 1X. Different concentrations of conjugated antibodies (Table 7) were added to 100 µl 

of cell resuspension tubes and incubated for 30 minutes at RT in the dark. Afterwards, cell 

resuspensions were washed by centrifugation and resuspended in staining buffer (3% BSA in 

PBS 1X) for further analysis in BD FACS Aria III cell sorter (BD Biosciences). 

9. Caspase 3/7 staining. 

10. Flow cytometry experiments. 

10.1 MSC characterisation. 
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Antibody Source Reference Dilution 

a- CD105 (mouse) FITC Biolegend 323203 1:20 

a-CD34 (mouse) FITC Biolegend 343603 1:20 

a-CD44 (rat) APC Biolegend 103011 1:100 

a-CD45 (mouse) APC Biolegend 368511 1:20 

a-CD90 (mouse) FITC Biolegend 328107 1:20 

 
Table 7. Antibodies used for flow cytometry experiments for MSC characterisation. 

 

 

 

EVs characterisation was performed by imaging flow cytometry. For imaging flow 

cytometry, pellet was resuspended in PBS and incubated for 30 minutes at RT with appropriated 

primary antibodies (Table 8) for Exos characterisation based on MISEV recommendations 

(Witwer et al., 2021). Then, fluorophore-conjugated secondary antibodies (Table 9) were added 

and analysed using a cell sorter with cell imaging analysis (BD FACSDiscover S8 with BD 

CellView Image Technology and BD SpectralFX Technology, BD Biosciences). 

 
Antibody Source Reference Dilution 

a- Calnexin (rabbit) Cell Signalling #2433  

a-CD63 (mouse) Invitrogen #10628D 1:100 

a-Hsp70 (mouse) Santa Cruz SC-32239  

 

Table 8. Primary antibodies used for flow cytometry experiments for EVs characterisation. 

 

 
Antibody Source Reference Dilution 

a-mouse IgG1 (goat) Alexa 

Fluor 488 

Molecular 

Probes 

A21121 1:1000 

a-rabbit IgG (donkey) Alexa 

Fluor 594 

Abcam Ab10076 1:1000 

a-mouse IgG (donkey) Cy5 Jackson 

ImmunoResearch 

715-175-150 1:1000 

 
Table 9. Secondary antibodies used for flow cytometry experiments for EVs characterisation. 

 

 

 

10.2 EVs characterisation. 
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The apoptotic effect of 500 µM H2O2 on hDPSCs for 2 hours and the protective 

outcome of CM-containing EVs on previously stressed hDPSCs after 72 hours was analysed 

using the PE-Annexin V Apoptosis Detection Kit (BD Biosciences; 559763) using flow 

cytometry according to the manufacturer’s protocol. Briefly, cells were washed with PBS 1X, 

harvested by trypsinization and resuspended in binding buffer solution. Afterwards, they were 

incubated with PE-Annexin V and 7-AAD for 15 minutes at RT in the dark. Finally, cells were 

analysed using BD FACS Aria III cell sorter. 

 

 

Lentiviral particles were produced using three distinct constructs. Mitochondria were 

specifically labelled using a specific construct which target a mitochondrial specific sequence 

to direct the protein exclusively to the mitochondria (pLV-mitoDsRed; Addgene; #44386). 

hBMSCs and hDPSCs were transduced using two lentiviral constructs targeting the expression 

of GFP or RFP under the control of the ubiquitin promoter allowing fluorescent expression in 

cytoplasm. Lentivirus GFP and RFP were provided by Dra Guillermina Lopez-Bendito’s 

laboratory). All constructs were packaged into lentiviral particles separately. For lentiviral 

production, HEK293T cells were transfected with each construct individually, along with 

packaging plasmids: RRE p312, RVE p313 and VSVG p314, following lipofectamine protocol 

as manufacturer’s instructions indicate (LipoD93 In Vitro DNA Transfection Reagent; 

SignaGen Laboratories; #SL100668). 

After 72 hours, supernatants containing lentiviral particles were collected, filtered and 

concentrated using Lenti-X Concentrator (ClonTech; 631231) for 72 hours. Then, lentiviral 

particles were centrifugated (1500g for 45 min at RT) and the resulting pellet was resuspended 

with PBS. Lentiviral particles were aliquoted and stored at -80ºC until use. 

To perform transduction using lentiviral particles, hDPSCs and hBMSCs were seeded at 

an appropiate density and exposed to each lentiviral preparation separately depending on the 

aim of the experiment. Cells were incubated for 24-48 hours, followed by media replacement. 

Transduction efficiency was assessed after this time by visualization through InCucyte s3 

incubator or by BD FACS Aria III cell sorter. 

 

10.3 Assessement of oxidative stress and CM-induced protection 

11. Lentiviral transduction. 
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Electrophysiological recordings of cell voltage and ionic membrane currents were 

performed under the whole cell configuration of the patch clamp technique (Hamill, Marty, 

Neher, Sakmann and Sigworth, 1981) using a MultiClamp 700B amplifier (Molecular Devices, 

USA). Cells were bathed in and extracellular solution at 32-33ºC; the composition of the 

extracellular solution was: 124 mM NaCl, 2.5 mM KCl, 1.25 mM NaPO4H2, 1 mM MgCl2, 

2 mM CaCl2, 26 mM NaCO3H, and 10 mM glucose; pH 7.4 when saturated with 95% O2 and 

5% CO2. Borosilicate pipettes (1.5 mm outer diameter, 0,86 inner diameter, with inner glass 

filament) were used to pull patch electrodes with a vertical pipette puller (Narishige mod. P88, 

Narishige, Tokyo, Japan). The inner diameter of the tip pipette after pulling was approximately 

0.5–1 μm. Filling of the pipette was carried out with an intracellular solution containing: NaCl 

(5 mM), KCl (5 mM), EGTA (5 mM), K-Gluconate (130 mM), HEPES (10 mM), Na-GTP (0.2 

mM) and Mg-ATP (2 mM) at pH: 7.2. The electrical resistance of the pipettes was in the range 

of 4.8 MΩ, and the seal resistance was > 1 GΩ. Liquid junction potential was routinely 

corrected and a Ag-AgCl was used as reference. The cell voltage was maintained at −90 mV 

and depolarizing pulses of 750 ms duration were applied in steps of 5 mV. The recordings, the 

holding voltage and the pulses were digitalized and generated with a DigiData 1440A analog 

to digital converter and the pClamp 10.5 software (Molecular Devices, USA). Data were 

sampled at 20kHz kHz. 

 

 

 

 

Once hDPSCs and hBMSCs populations were efficiently transduced with the indicated 

lentiviral constructs, different direct co-cultures were established. Direct co-cultures in a ratio 

1:1 composed of hBMSCs-GFP and hDPSCs-RFP were cultured in order to analyse a possible 

exchange of cytoplasmatic and/or membrane components. Furthermore, following the same 

strategy, direct co-cultures composed by hBMSCs-mitoRED and hDPSCs-GFP were 

conducted with the aim of analyse a possible mitochondria trafficking. In brief, confluent 

transduced cells were washed and harvested by trypsinization. Once centrifuged at 1100 rpm 

for 5 minutes, cell pellets were resuspended with basal media and sorted through BD FACS 

Aria III cell sorter to assure pure cell cultures of transduced cells. Finally, cells were seeded on 

human collagen type IV-coated glass coverslips in a total cell density of 10000 cells/cm2 for 72 

hours prior to any analysis. 

 

12. Whole-cell patch clamp.   

13. Direct co-cultures. 
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Genomic DNA (gDNA) was isolated from confluent T25 cm2 flasks of hDPSCs cultures. 

100 µl of sodium hydroxide solution (50 mM; NaOH; Sigma-Aldrich; #72068) was added to 

cellular pellet and heated at 95ºC for 30 minutes. gDNA found in supernatant was then used 

for further studies. 

 

Total gDNA extracted was used to study the ten-coding region the gene ABCD1. Thus, 

several PCR reaction tubes were prepared using different mix of primers corresponding to 

different fragments of ABCD1 exons (Table 8) and Kappa mix reactive (H2O, polymerase, 

dNTPs and co-factors; Roche; KK5601). Amplification of PCR products was performed on a 

thermocycler (Biorad dual 48 well DNA engine thermal cycler; Bio-Rad laboratories) with the 

following thermal cycling conditions: 

 

 
 

Exon Primer sequence Fragment length 

(bp) 

Annealing 

temperature 

(ºC) 

1a F: ACAACAGGCCCAGGGTCAGA 

R: AGGAAGGTGCGGCTCACCA 

422 62 

1b F: AACCGGGTATTCCTGCAGCG 

R: ACTGGTCAGGGTTGCGAAGC 

385 60 

1c F: CCACGCCTACCGCCTCTACTT 

R: AGACTGTCCCCACCGCTC 

484 60 

2 F: GGCACTGGGAGACCCTG 

R: TCAGCACCCAGCGGTATGG 

332 60 

3,4 F: GCAGAAGAGCCTCGCCTTTC 

R: GCAGCAGGTCAGCACCTGCA 

570 62 

5 F: CTGCCAGGGATGGGAATGAG 

R: TCTCACCTTGACCTTGGCCC 

337 60 

6 F: GCCATAGGGTACGGGAAGGG 

R: GCCTCTGCAGGAAGCCATGT 

276 60 

14. Conventional PCR. 
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7 F: CGATCCACTGCCCTGTTTTGG 

R: CTTCCCTAGAGCACCTGG 

491 62 

8,9 F: CTGAGCCAAGACCATTGCCCCCG 

R: TGCTGCTGCCGGGCCCGC 

471 70 

10 F: GAGGGGAGGAGGTGGCCTGGC 

R: GCGGGGTGCGTGCATGGGTGG 

427 71 

 
Table 8. Primer sequences used for ABCD1 gene PCR. 

 

PCR amplificated products were visualized by electrophoresis. Samples were run in 

agarose gel (1%; Condalab; 8010.00) supplemented with GreenSafe Premium (2%; NYZTech; 

#MB13201) in TAE 1X (TAE 5X: 24.2g Tris base, 5.71 ml glacial acetic acid, 10 ml 0.5M 

EDTA). Fragments were visualised in an ultraviolet transilluminator (model TFX-20-M) 

 

For Sanger Sequencing, corresponding PCR amplificated products from the ten coding 

regions of ABCD1 gene were pre-processed to clean-up primer sequences and nucleotides 

using ExoSAP-IT (Applied Biosystems; 78205). Afterward, samples were processed and 

sequences by Eurofins, an external facility (Eurofins company). 

 

 

 

 

 

To quantify ACE2 expression in cultured cells of wound healing assay, three random 

images of the wound area were captured in each condition by Leica SPEII confocal microscope. 

Prior to quantification images were deconvoluted by Huygens professional software (Scientific 

Volume Imaging) to improve signal-to-noise ratio (SNR). Sum projections of deconvoluted 

images were analysed using Fiji software (Fiji is Just ImageJ) (Schindelin et al., 2012) (26 cells 

at t=0h and 22 cells at t=12h were quantified in terms of fluorescence intensity (Corrected Total 

Cell Fluorescence; CTCF; a.u: arbitrary units) with the following formula:  

 

CTCF	(a. u):		Integrated	density −	
Area	of	selected	cell

Mean	of	background	readings
 

 

 

 

Depending on the aim of the experiment, different cell percentages were calculated from 

cell cultures images.  

15. Cell imaging analysis. 

15.1 ACE2 expression analysis 

15.2 Cell percentages of analysed cells 
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- Cell percentage of ORO+ cells. 

 

To analyse the percentage of cells with positive stain of ORO, five random images were 

selected. Using Fiji software, cells were counted using the multi-point tool. Cell percentage 

was calculated with the following formula: 

 

ORO!	cells	(%):	
Number	of	cells	with	ORO	stain

Total	number	of	cells
	x	100 

 

- Cell confluence percentage determination. 

 

To analyse in detail the effect of C26:0 and CM-containing EVs on cell growth, analysis 

of cell confluence, direct related to cell growth, was performed. Thus, time-lapse phase contrast 

images were obtained using InCuCyte incubator. We choose five random images of different 

times (0, 8, 16, 24, 32, 40 and 48h) and different conditions (healthy 50 µM vs X-ALD 50 µM 

or X-ALD 50 µM vs X-ALD 50 µM + CM) to analyse cell confluence. Numeric data of cell 

confluence was obtained using Fiji software. In brief, images were first transformed from RGB 

to 8-bit and adjusted to threshold. When adjusting to threshold, we assured total coverture of 

cells avoiding background. Data obtained from Fiji was %Area corresponding to the area of 

image full of cells.  

 

- Cell viability percentage analysis. 

 

To analyse the effect of C26:0 and CM-containing EVs in cell viability, we calculated 

the percentage of cell viability. Thus, five different images of time-lapse experiments at 

different times (0,8,16,24,32,40 and 48h) and conditions (Healthy 100 µM vs X-ALD 100 µM 

or X-ALD 100 µM vs X-ALD 100 µM +CM) were analyse using Fiji software. Thus, we used 

the multi-point tool to count total amount of cells and death cells. Then, we calculated the 

percentage of cell viability following the formula:  

 

Living	cells	(%):	
Number	of	total	cells − Number	of	dead	cells

Number	of	total	cells
	x	100 

 

 

 

To assess differences in neutral lipid accumulation in different hDPSCs cell 

populations, five randoms images of BODIPY and LipidTOX staining were captured by Leica 

15.3 Fluorescence intensity of neutral lipids in hDPSCs cultures 
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SPEII confocal microscope. Prior to quantification images were deconvoluted by Huygenes 

Professional software to improve SNR. Sum projections of deconvoluted images were analysed 

using Fiji software. Fluorescence intensity was calculated following the CTCF formula. 

 

 

 

 

To determine the number of peroxisomes of different cell populations of hDPSCs, 

immunofluorescence of the 70 kDa peroxisomal membrane protein (PMP70), a standard 

marker of peroxisomes, were conducted. Five random different images of each cell population 

were captured using Leica SPEII confocal microscope. The number of peroxisomes of each 

cell was obtained through a developed plugin called Squassh (Rizk et al., 2014). 

 

 

 

To confirm red mitochondria from hBMSCs included inside hDPSCS-GFP cell 

populations, different images of direct co-cultures were captured using Leica SPEII confocal 

microscope. Then, images were processed using both Imaris software (Bitplane) to perform 

tridimensional reconstruction of cells and orthogonal projections to confirm such inclusion. 

Fiji software was also used for orthogonal projection of images of hDPSCs-GFP and hDPSCs-

RFP to confirm inclusion of ALDP+ peroxisomes. 

 

 

 

All statistical analysis were performed using GraphPad Prism v8.0 (GraphPad software). 

Depending on the nature of variables, different statistical approaches were conducted. In brief, 

normality and lognormality tests were first proved in order to analyse if samples followed a 

normal distribution. If samples followed a normal distribution, then parametric tests were used 

to deciphering statistical differences between groups of samples (healthy and X-ALD 

hDPSCs). Non-parametric tests were applied when samples did not follow a normal 

distribution. Significance was represented attending APA normative as follows: *: p<.05; ** 

p<.01; *** p<.001. 

 

 

 

 

 

15.4 Number of peroxisomes analysis 

15.5 Organelle inclusion 

16. Statistical analysis. 
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This image is property of Claudia Pérez García. Immunofluorescence of neural differentiated human dental pulp 
stem cells against Nav1.6. Image acquisition: Leica SPEII confocal microscope. 
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In the context of developing a cellular model for X-ALD using hDPSCs, understanding 

the migratory capacity and ACE2 expression profile of these cells becomes relevant. hDPSCs, 

derived from NCPs, possess inherent migratory abilities like those observed in neural crest 

cells, including polarization and directed movement. The expression of ACE2 in human cells 

has garnered significant interest, as it serves as the receptor for the SARS-CoV-2 coronavirus 

responsible for COVID-19. Notably, ACE2 is expressed in various human tissues, including 

the lungs, intestines, kidneys, brain and heart. Its expression in migrating cells suggests roles 

beyond viral receptor activity, potentially influencing cellular motility and intercellular 

communication. 

 

To better characterise the developing in vitro model of X-ALD, we first explored the 

possible regulation of ACE2 expression in migrating healthy hDPSCs. One essential factor to 

study cell migration in hDPSCs is the fact that are a feasible source of NCPs in vitro. Neural 

crest cells are a transient cell population in the embryo that exhibits a variety of migratory 

mechanisms, including sheet and chain migration, in which neuropilin-1 (NP-1) expression is 

required (Szabó & Mayor, 2018). hDPSCs were cultured following the protocol described in 

material methods according to Bueno et al (2013) to derived mesenchymal stem cells that were 

molecular and functionally characterized as NCP (Bueno et al., 2013). The expression of Nestin 

has been used to confirm that our cultured cells are NCP (Fig. 13, A and A’). ACE2 

immunofluorescence showed expression of ACE2 in the cytoplasm of cultured dental derived 

NCP, with perinuclear accumulation (Fig. 13, A and B). In cells with polarized morphology, 

which were suggestive of cell motility, ACE2 expression was stronger than in basal static 

fusiform or polygonal cells and also accumulated in the cellular membrane of the leading pole 

(Fig. 13, B’). To explore if ACE2 expression is modified by migratory activity, we used wound 

healing assay. Cells were grown to confluence and a thin “wound” was introduced by two-well 

inserts. Cells at the wound edge polarized and migrated into the wound space. Then minutes 

after the scratch (t0h), cells were fixed and processed by immunofluorescence to detect ACE2 

expression. The cells at the wound edge strongly expressed ACE2 (Fig. 13, C and D). At 12–

24 h (t12h, t24h) after the scratch, polarized elongated cells migrated into the wound with 

strong expression of ACE2 in the cellular membrane of leading processes and in intercellular 

Results 

1. Development of a novel in vitro model of X-ALD. 

1.1  Analysis of cell migration of hDPSCs. 
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nanotubes (Fig. 13, E–I). At 48 h after the scratch, the wound was completely cellularized, with 

remnant expression of ACE2 in the cell membrane of some cells at the place where the wound 

was performed (Fig. 13, J). After quantification of ACE2 expression at 0 and 12 h after scratch, 

the increasing expression of ACE2 in migrating cells was significative in the cell membrane 

during a period of 12 h (the time with active cellular migration into the wound) without 

modification of ACE signal in the cytoplasm (Fig. 13, I). 
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Figure 13. ACE2 expression in migrating hDPSCs.  

Anti-ACE2 immunofluorescence showed expression of ACE2 in the cytoplasm of cultured hDPSCs, 

with perinuclear accumulation (A, B). hDPSCs express Nestin protein (red immunofluorescence) (A’). 

In cells with polarized morphology, ACE2 expression was stronger and accumulated in the cellular 

membrane of the progression pole (B’, arrows). Scratch-wound assay in confluent cultures. D 10 min 

after the scratch (t0h) cells at the wound edge strongly expressed ACE2 (C-I, arrows). E–I At 12–24 h 

(t12h, t24h) after the scratch, polarized elongated cells migrated into the wound with strong expression 

of ACE2 in the cellular membrane of advance processes (arrows) including in intercellular nanotubes 

(arrows head in H). Quantification of ACE2 expression by immunofluorescence intensity and 

intracellular distribution with the ImageJ tool for measuring CTCF (I). Data shown as mean of CTCF 

and standard deviation (SD) bar errors. The number of cells analyzed were: T0h (cytoplasm or 

membrane) n = 26, T12h (cytosol or membrane) n = 22. Comparisons between cytoplasm and cell 

membrane at T0h and at T12h were made with tests for paired samples (Wilcoxon signed-rank test) and 

comparisons between cytoplasm at T0h and T12h or cell membrane at T0h and T12h were made with 

test for independent samples (Mann–Whitney test for T0h test), using the software GraphPad Prism. a.u: 

arbitrary units. Asterisks indicate p-value: **** p < 0.0001, ns not significant. At 48 h after the scratch 

the wound was completely cellularized with increased expression of ACE2 in some cell membranes of 

neighbouring cells at the place where the wound was performed (J, arrows). Images (20x and 40x) were 

taken using Leica SPEII confocal microscope. 

 

 

 

Based on ISCT criteria (Dominici et al., 2006), isolated cells from human dental pulp were 

characterized in terms of mesenchymal stemness. Cell population showed adherence to plastic 

surface and exhibited fibroblast-like morphology under in vitro standard conditions (Fig. 14, 

A). Furthermore, analysis of expression of different surface receptors aligned with established 

criteria as they expressed CD90 (99.4±0.2%), CD44 (96.9±2.5%) and CD105 (1.5±1.2%) 

while lacking expression of CD34 and CD45 (data not shown), more specific of hematopoietic 

progenitor cells (HPCs) (Fig. 14, B and C). CD105 is an included marker in ISCT criteria, but 

their expression has presented high variability among MSC populations (Izgi et al., 2017; Mark 

et al., 2013) and, in this case, healthy hDPSCs presented lower expression compared to CD90 

and CD44. 

 

1.2 Cell characterization of hDPSCs. 
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Figure 14. Cell characterisation of isolated hDPSCs.  

Phase contrast image showing cell morphology and adherence in line with ISCT criteria (A). Graph 

exhibits the meaning of cell percentage (%) and SD bar errors of different stem cell markers such as 

CD90, CD44 and CD105 (B). Flow cytometry scatter plots of mentioned markers (C). Each dot 

represents an individual cell and the density of dots indicates the relative abundance of cells in each 

quadrant. The phase contrast image (10x) was taken by InCuCyte incubator and processed by InCuCyte 

software.  

 

 

 

To assess differences in cell morphology and distribution between healthy and X-ALD cell 

population, a comparative analysis of cell cultures obtained from both groups was performed 

using flow cytometry strategies. Obtained forward (FSC) and side (SSC) scatter density plots 

from flow cytometry experiments allow the identification of cell population of interest and the 

exclusion of cell debris. 

 

Under in vitro standard conditions, both healthy and X-ALD hDPSCs showed same 

morphology and adherence to plastic surface (Fig. 15, A and B). When analysed cell clusters 

in flow cytometry, we perceived differences between both populations. In the case of healthy 

hDPSCs, the cell cluster corresponding to the population is much more compact and denser 

1.3 Analysis of healthy and X-ALD cell population by flow cytometry. 
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compared to X-ALD cell cultures (Fig. 15, C). In the X-ALD cell population, the cell cluster 

showed a slightly different distribution, being much more dispersed than healthy cell cluster 

(Fig. 15, D). This fact seems to indicate that X-ALD cell population exhibit differences in terms 

of complexity and size. Additionally, X-ALD cell cultures showed more cell debris than healthy 

hDPSCs even when analysed under the same conditions (Fig. 15, E). This could provide a basis 

for a more detailed analysis of distinct alterations observed in X-ALD hDPSCs, which could 

serve as a starting point to develop an in vitro model of the disease. 

 

 
 

Figure 15. Flow cytometry cell clusters of healthy and X-ALD cell populations.  

Phase contrast images of healthy (A) and X-ALD (B) hDPSCs under in vitro standard conditions. FSC 

vs SSC density plot from healthy (C) and X-ALD (D) cell populations. X-ALD cell population show 

higher density of cell debris and dispersion of cell cluster. Graph shows meaning of percentage of cell 

debris and SDs bar errors of healthy and X-ALD hDPSCs. Comparisons between healthy and X-ALD 

cell populations were made with tests for independent samples (Mann-Whitney test) (E). Images (10x) 

were acquired with InCuCyte incubator and processed by InCuCyte software. Asterisks indicate p value: 

p<.001 (***). 

 

 

 

As mentioned above, ABCD1 gene is composed of ten exons of different size that covers 

19.9 kb (Fig. 16, A). In order to found any alteration in ABCD1 gene, we analysed this gene 

through conventional PCR and Sanger sequencing. We found that healthy and X-ALD hDPSCs 

expressed the ten coding regions that constitute human ABCD1 gene without differences 

1.4 ABCD1 analysis. 
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between cell populations (Fig. 16, B). Thus, gDNA from X-ALD hDPSCs was sequenced using 

Sanger sequencing method in order to find mutation across coding-regions. By Sanger 

sequencing we could not find any mutation in sequenced regions (Fig. 16, D). We could not 

confirm the existence of mutations in the untranslated regions of the gene (UTR sections). 

These results suggest that genetic alteration in X-ALD hDPSCs might be related to mutations 

that support translation of ABCD1 mRNA into a stable conformation of ALDP. 

 

 
 
Figure 16. Genetic analysis of ABCD1 gene in X-ALD hDPSCs.  

Representative structure of ABCD1 gene composed of ten coding regions or exons (A). Agarose gel 

electrophoresis results of conventional PCR for ABCD1 exons of healthy and X-ALD cells showing 

expression of coding regions in both cell populations (B). Illustrative results of Sanger sequencing of 

ABCD1 gene (exon 5) analysed by SnapGene software (version 6.0.2; GSL Biotech LLC) (D).  
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The expression pattern of ALDP in hDPSCs has not been studied before although the 

expression of several ABC transporters has been analysed in human stem cell populations 

(Erdei et al., 2014). In X-ALD context, ALDP expression was previously studied in cell 

cultures. Immunoreactivity to ALDP in fibroblasts derived from different X-ALD patients 

showed variability and three different case scenarios: absent, reduced and normal expression 

of this protein depending on genetic alterations of ABCD1 gene (Watkins et al., 1995). In our 

cells, immunofluorescence revealed that healthy and X-ALD hDPSCs showed positive 

immunoreactivity to human ALDP with similar expression pattern previously studied in human 

fibroblasts. ALDP was expressed in perinuclear zone and in cytoplasm, areas in which 

peroxisomes are located (Fig. 17, A-D). In addition to this, we analysed colocalization of stable 

ALDP with a standard peroxisomal marker such as PMP70 (Fig. 17, A’-D’). ALDP colocalized 

with PMP70 in all studied cases concluding that there was not any kind of disruption in 

peroxisome structure (Fig. 17, A”-D”). Healthy and X-ALD hDPSCs showed heterogeneity in 

peroxisome distribution and number per cell. We observed hDPSCs with a high number of 

peroxisomes across cytoplasm but, also, cells with a few peroxisomes were detected in both 

physiological and pathological conditions (data not shown). Overall, X-ALD hDPSCs showed 

significant higher number of peroxisomes compared to two healthy cell populations (Fig. 17, 

E). Despite this fact, normal ALDP expression in all hDPSCs populations was confirmed by 

further analysis by western blot (Fig. 17, F). Even when normal expression of ALDP was 

confirmed, we could not discard an impairment in protein function that give rise to 

pathophysiological hallmarks of X-ALD phenotype. 

 

 
 

1.5 Analysis of ALDP expression in hDPSCs. 
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Figure 17. Peroxisomal analysis of X-ALD hDPSCs reveal normal expression pattern of ALDP. 

Deconvoluted confocal images of ALDP expression in healthy hDPSCs (A-C) and X-ALD hDPSCs (D) 

showing a punctuate expression pattern. ALDP colocalizes with PMP70 (A’-D’), a general marker of 

peroxisomes, in all studied cases (A”-D”). Significant differences were found in peroxisome number 

between X-ALD hDPSCs and two healthy cell population (E), but none in protein expression by western 

blot analysis (F). Images (40x) were acquired by Leica SPEII confocal microscope. Zoomed and cropped 

images were processed using Fiji software. Graph shows mean values of peroxisome number and SDs 

bar errors. Multiple comparisons between healthy and X-ALD cell populations were made with tests for 

independent samples (Kruskal-Wallis test). Asterisks indicate p value: p<.05 (*), p<.01 (**). C-1, C-2 

and C-3: healthy hDPSCs; X-1: X-ALD hDPSCs. 

 

 

 

Pathogenic accumulation of satured VLCFA, especially C26:0, is a critical hallmark of X-

ALD (Engelen et al., 2012c; Turk et al., 2020). To demonstrate any alteration in ALDP function, 

we performed ORO staining experiments of healthy and X-ALD hDPSCs. ORO staining 

revealed higher accumulation of neutral lipid species in X-ALD hDPSCs in comparison to 

healthy hDPSCs (Fig. 18, A and B). Both cell populations showed positive staining of ORO, 

but X-ALD hDPSCs presented significant higher cell percentage population positive to this 

specific neutral lipid-staining (Fig. 18, C), suggesting an alteration in the removal of these lipid 

species. 

 
 

Figure 18. X-ALD hDPSCs showed aberrant neutral lipid accumulation by ORO staining.  

ORO staining revealed differences between healthy (A) and X-ALD cell population (B), with higher 

accumulation in X-ALD hDPSCs. Most of X-ALD hDPSCs were positive to ORO stain whereas healthy 

hDPSCs displayed less percentage of their population (B). Graph shows the meaning and SDs bar errors 

of the cell percentage presenting a positive stain of ORO. Comparison between healthy and X-ALD 

samples were made using independent tests (Mann-Whitney test) (C).  Images (20x) were acquired using 

Leica DMR fluorescence microscope. Cropped sections were processed using Fiji software. Asterisks 

indicate p value: p<.001 (***). 

 

1.6 Study of neutral lipid accumulation in hDPSCs. 
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Moreover, to analyse this fact in more detail, we choose different fluorophore dyes that 

bind to neutral lipids: BODIPY 493/503 and LipidTOX Deep Red. These types of stains 

showed similar results than ORO and confirmed our hypothesis. Both dyes showed similar 

specific neutral lipid stain with lipid-droplet pattern across cytoplasm. X-ALD hDPSCs 

revealed evident differences in neutral lipid accumulation in comparison to three different 

healthy hDPSCs (Fig. 19, A and B). Also, this fact could be studied by quantification of 

fluorescence intensity using values of CTCF. CTCF confirmed this alteration in neutral lipid 

accumulation (Fig. 19, C and D). These experiments concluded that X-ALD hDPSCs showed 

disease-specific characteristics making them suitable for further in vitro studies related to 

modelling X-ALD. 

 

 
 
Figure 19. X-ALD hDPSCs showed aberrant neutral lipid accumulation by BODIPY 493/503 and 

LipidTOX Deep Red.  

Fluorescent staining for neutral lipids, BODIPY 493/503 (A) and LipidTOX Deep Red (B) also 

demonstrated aberrant neutral lipid accumulation of X-ALD hDPSCs in comparison to three different 

hDPSCs. This finding was quantified in terms of CTCF both in BODIPY 493/503 (C) and LipidTOX 
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Deep Red (D) which revealed significant differences between X-ALD cell population and all healthy 

analysed cells. Graphs show the meaning and SDs bar errors of CTCF values of BODIPY 493/503 and 

LipidTOX Deep Red. Multiple comparisons were made with independent tests for multiple samples 

(Mann-Whitney tests; Dunn’s multiple comparisons). Images (40x) were acquired using Leica SPEII 

confocal microscope and deconvoluted by Huygenes professional software prior to quantification. 

Asterisks indicate p value: p<.01 (**), p<.001 (***), a.u: arbitrary units. C-1, C-2 and C-3: healthy 

hDPSCs; X-1: X-ALD hDPSCs. 

 

 

 

Cytotoxicity of C26:0 has been studied in different cell types remarking more vulnerability 

in X-ALD cell population and even resulting in cell death (Hein et al., 2008). In order to study 

the effect of C26:0 in our hDPSCs cell populations, we incubated cells with different 

concentrations of C26:0 for 24 hours. After this time, we studied changes in cell growth and 

viability. Both healthy and X-ALD cells survived to 50 µM of C26:0, but delayed cell growth 

was only apparent in X-ALD cell population suggesting an alteration in VLCFA metabolism 

(Fig. 20, A). Cell confluence of both cell populations was analysed and confirmed our 

hypothesis (Fig. 20, B). When concentrations of C26:0 increased to 100 µM, X-ALD hDPSCs 

did not survive and most of cells died at 24 hours (Fig. 20, C). Consequently, percentage of cell 

death was significantly increased in X-ALD hDPSCs (Fig. 20, D). This evident cell death was 

not present in healthy cell population, which apparently grown as basal condition. This fact 

suggests an evident alteration in VLCFA metabolism, more concretely in peroxisomal b-

oxidation, one of disease-specific characteristics of X-ALD.  

 

 

1.7 Effect of C26:0 on X-ALD cell cultures. 
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Figure 20. C26:0 induces changes in cell growth and viability in X-ALD hDPSCs.  

The effect of 50 µM of C26:0 in both healthy and X-ALD hDPSCs was only evident in X-ALD 

population, delaying cell growth (A, B). Increased concentrations of C26:0 induced more notable 

changes present only in X-ALD hDPSCs, inducing evident cell death (C, D). Graphs show the meaning 

and SDs bar errors of cell confluence (B) and death (D). Comparison between samples were made 

through paired-samples tests (Willcoxon-signed rank test). Phase contrast images (10x) at different time 

points (8, 16 and 24h) were acquired and processed by InCuCyte incubator. Asterisks indicate p value: 

p<.05 (*). 

 

 

 

hDPSCs are known by their ability to differentiate into the neural lineage (Nuti et al., 

2016). We demonstrate that both healthy and X-ALD hDPSCs could differentiated into neural-

like cells using a previous published protocol of our group (Bueno et al., 2021). We confirmed 

previous findings and analysed that healthy hDPSCs differentiated into neural lineage. After 

48 hours of induction, differentiated cells showed rounded cell bodies and neurite extension 

(Fig. 21, A). In order to study presumable functionality of these differentiated cells, we 

performed whole-cell patch clamp experiments. Interestingly, neuron-like cells derived from 

healthy hDPSCs showed evident excitability when applied different voltages (from -90 mV to 

+95 mV) evidencing the activation and deactivation of currents (Fig. 21, B). In more detail, 

these cells exhibited sodium (Na+) (Fig. 21, C) and potassium (K+) (Fig. 21, D) typical currents. 

 

1.8 Neural differentiation of hDPSCS. 
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Figure 21. Neural differentiation of healthy dental pulp stem cells.  

Time-lapse of healthy hDPSCs differentiating into neural-like cells. After 48 hours, cells became 

rounded and neurite extension appeared (A, upper). These neural-differentiated cells expressed b-III-

tubulin (A, down). Representation of currents induced at different voltages (from -90 mV to +95 mV) in 

whole-cell patch clamp records of neuron-like cells from healthy hDPSCs, indicating neural activity (B). 

Na+(C) and K+ (D) currents of differentiated healthy cells evidencing inward and outward currents. 

Graphs show values of intensity (pico ampers, pA) vs voltage (milivoltages, mV) of both ions.  

 

Regarding neural markers expression, we analysed several mature and immature neural 

markers. In their basal media, hDPSCs exhibited low expression of immature (Tuj-1) and 

mature neural markers (MAP2 and Nav1.6), whereas exhibited basal expression of NCP marker 

Nestin (Fig. 22, A). However, in differentiated cells, there was an increase of these markers 

(Fig. 22, B). This fact indicated that our protocol is suitable for studying mature specific neural 

cell types. 
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Figure 22. Neural markers expression in basal and differentiated hDPSCs.  

In basal conditions, hDPSCs exhibited lower expression of different neural markers: MAP2, Tuj-1 and 

Nav1.6. Nestin expression was evaluated as NCP marker (A). By contrast, when they were differentiated 

into neural lineage, expression of these markers seemed to be increased (B). Images (40x) were taken 

by Leica SPEII confocal microscope.  

 

In order to analyse if X-ALD hDPSCs reproduce pathological defects when are 

differentiated into neural lineage, we performed differentiation experiments and analysed 

specific X-ALD hallmarks. Firstly, both differentiated healthy and X-ALD cells expressed 

ALDP similarly as in their basal media with perinuclear and cytoplasmatic expression, 

although immunocytochemistry showed stronger expression in X-ALD neurons (Fig. 23, A). 

Interestingly, when we studied neutral lipid accumulation, we observed similar results to what 

we observed in basal hDPSCs. BODIPY 493/503 staining revealed differences between X-

ALD and healthy differentiated cells. Even when X-ALD hDPSCs were differentiated into 

neural lineage, pathological hallmark features persisted with higher accumulation of neutral 

lipids (Fig. 23, B). This remarkable accumulation of neutral lipid was confirmed by 

quantification of fluorescence intensity by CTCF values (Fig. 23, C). Furthermore, slightly 

differences were found in Nav1.6 expression, a general marker for Na+ channels. X-ALD 

neuron-like cells seemed to show less expression of this marker, suggesting an alteration in the 

excitability of these differentiated cells (Fig. 23, D). This hypothesis was consistent with 

obtained results of electrophysiological records. Whole-cell patch clamp records revealed 

significant differences between healthy and X-ALD differentiated cells in terms of amplitude 

and kinetics of Na+ channels. In the case of X-ALD neuron-like cells, they showed evident 

lower peak amplitude and slower kinetics indicating an alteration in process of neuronal 
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differentiation that might be caused by pathological defects derived from the disease (Fig. 23, 

E). In addition to this fact, we found significant differences in terms of maximum intensity of 

Na+ currents between cell populations confirming our hypothesis (Fig. 23, F). Altogether, X-

ALD hDPSCs both in their basal or in their neural-differentiated status might be a feasible 

model to study X-ALD. 

 

 
 
Figure 23. X-ALD hDPSCs differentiate into neural lineage and reproduce X-ALD hallmarks. 

Healthy and X-ALD differentiated cells showed immunoreactivity to ALDP (A). Alteration in neutral 

lipid accumulation was also evident in X-ALD differentiated cells, which exhibited higher accumulation 

than healthy differentiated cells (B). This difference was quantified in terms of CTCF showing 

significant differences between cell populations (C). Immunofluorescence of differentiated cells showed 

slight differences in Nav1.6 expression (D). Whole-cell patch clamp experiment revealed functional 

differences in amplitude and kinetics of Na+ channels from X-ALD neuron-like cells (E). Measures of 

maximum intensity of Na+ currents revealed significant differences between healthy and X-ALD neuron-

like population (F). Graph show the meaning and SDs bar errors of CTCF of BODIPY 493/503 (C) and 
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maximum intensity currents of Na+ (F). Comparisons between samples were made using tests for 

independent samples (Mann-Whitney tests). Images (40x) were taken by Leica SPEII confocal 

microscope. Asterisks indicate p value: p<.05 (*), p<.001 (***), a.u: arbitrary units, pA: picoamperes, 

pF: picofarads. 
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Following the same protocol as hDPSCs and based on ISCT criteria, human bone marrow 

isolated cells were characterized in terms of mesenchymal stemness. Cell population showed 

adherence to plastic surface and exhibited fibroblast-like morphology under in vitro standard 

conditions (Fig. 24, A). Furthermore, analysis of expression of different surface receptors 

aligned with established criteria as they expressed CD90 (78.0 ± 2.3 %), CD44 (95.0 ± 2.9 %) 

and CD105 (79.2 ± 2.6 %) (Fig.23, B and C) while lacking expression of CD34 and CD45 

(data not shown), more specific of HPCs. 

 

 
 
Figure 24. Mesenchymal characterisation of human bone marrow isolated cells.  

Phase contrast image of hBMSCs under in vitro standard conditions (A). Graph showing mean of cell 

percentage (%) of different stem cell markers such as CD90, CD44 and CD105 (B). Flow cytometry 

scatter plots of mentioned markers (C). Each dot represents an individual cell and the density of dots 

indicates the relative abundance of cells in each quadrant. The phase contrast image (10x) was acquired 

with InCuCyte incubator. 

 

 

2. Therapeutic effect of hBMSCs 

2.1 Cell characterization of hBMSCs. 
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As mentioned before, paracrine effect of hBMSCs is one of the most interesting therapeutic 

mechanisms of this cell population. Most of these beneficial effects are due to their paracrine 

activity and, as a consequence, partially due to the EVs release. In order to determine the 

presence of EVs in CM derived from hBMSCs, we isolated EVs through centrifugation and 

ultracentrifugation methods. 

 

Using TEM imaging we could confirm the presence of EVs in CM derived from hBMSCs, 

confirming their morphology (Fig. 25, G). To better characterise these EVs, we also analysed 

ultracentrifugated CM by imaging flow cytometry. These results confirmed the presence of 

EVs of different sizes, corresponding to the different types of EVs that could be found in CM 

(MVs and Exos) (Fig. 25, A). Thus, we further classified CM population according to the 

expression of several markers of interest: CD63, Hsp70 and calnexin. Hence, we assured 

precise characterisation of EVs with their specific markers and excluded any type of cell debris 

related to calnexin expression (Fig. 25, B). EVs expressed CD63 (Fig. 25, C and F) and Hsp70 

(Fig. 25, D and F) while lacking expression of calnexin (Fig. 25, E), confirming their intrinsic 

characteristic as EVs.  

 

 

2.2 EVs characterization of CM derived from hBMSCs. 
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Figure 25. Flow cytometric and microscopic characterisation of EVs found hBMSCs-derived CM. 

Gating strategy employed to define EV population incorporating size, light scatter properties and 

eccentricity with precise identification of EVs based on their physical characteristics (A). Hierarchical 

classification of cell populations showing the segregation of various cellular and EVs subpopulations 

within the CM sample (B). Marker expression profiles for EVs highlighting presence of CD63 and 

Hsp70 on EVs while calnexin is found on cell population (C-E). Representative imaging of 

CD63+/Hsp70+ EVs processed by imaging flow cytometry (F). TEM image revealing morphology and 

distribution of EVs found in hBMSCs-derived CM. 

 

 

 

After establishing the in vitro model of X-ALD using hDPSCs, the next step was to analyse the 

therapeutic effects of hBMSCs. To achieve this, we conducted both direct and indirect co-

culture experiments. The direct co-cultures allowed us to study cell-to-cell interactions and the 

direct exchange of components between the different cell populations. In contrast, the indirect 

co-cultures enabled us to investigate the paracrine effects of hBMSCs through the release of 

soluble factors. These complementary approaches are essential for understanding the 

underlying mechanisms of potential cell-based and cell-free therapies for X-ALD. 

 

 

 

Prior to the establishment of direct co-cultures of hDPSCs and hBMSCs, cell cultures 

were transduced with different lentiviral constructs in order to distinguish cell populations in 

vitro. Due to their mesenchymal characteristics, both cell populations – hDPSCs and hBMSCs 

– exhibit same morphology with fibroblast-like shape and high adherence to plastic under 

standard in vitro conditions. Additionally, both cell populations express mesenchymal stem cell 

markers in line with ISCT criteria (Dominici et al., 2006). These shared characteristics 

reinforce the importance of using lentiviral constructs to discern between the cell populations 

during co-culture experiments. 

2.3 Direct and indirect effect of hBMSCs on X-ALD hDPSCs. 

2.4 Lentiviral transduction of hDPSCs and hBMSCs. 
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Different lentiviral constructs were used depending on the specific co-culture 

experiment. To analyse cell-to-cell interactions and the potential exchange of cytoplasmatic 

and/or membrane material, we used lentiviral constructs with constitutive expression of GFP 

and RFP under the control of ubiquitin promoter allowing green or red fluorescence of cell 

cytoplasm. In these experiments, healthy and X-ALD hDPSCs were marked using RFP 

lentivirus (Fig. 26, A), while hBMSCs were marked with GFP lentivirus (Fig. 26, B).  

 

In contrast, for experiments related to mitochondrial trafficking, X-ALD hDPSCs were 

labelled with GFP lentivirus (Fig. 26, C) and hBMSCs were transduced with a specific- RFP 

mitochondria lentiviral construct (Fig. 26, D). Cell viability of lentiviral transduced cells was 

analysed and no differences were observed compared to their non-transduced counterparts 

(data not shown). Thus, we established distinct direct co-culture in which each cell population 

could be easily distinguished. 

 

 
 
Figure 26. Lentiviral transduction of hDPSCs and hBMSCs.  

Healthy and X-ALD hDPSCs transduced with Lentivirus RFP (A) and GFP (C) depending on the aim 

of study. hBMSCs transduced with Lentivirus GFP (B) when hDPSCs were transduced with RFP or 

mito-Red (D) when hDPSCs were transduced with GFP. Images (40x) were taken by Leica SPEII 

confocal microscope (A, C, D) and Thunder Leica microscope (B). 

 

 

 

In order to assess the effect of hBMSCs on ALDP expression, we performed direct and 

indirect co-cultures of X-ALD hDPSCs with hBMSCs or its CM-containing EVs. After three 

days of co-culture, we analysed ALDP expression by immunofluorescence. Neither the 

hBMSCs nor their CM induced apparent changes in ALDP expression in X-ALD hDPSCs. X-

ALD hDPSCs maintained the same expression pattern observed in their standard culture media 

(basal), with positive immunoreactivity in the perinuclear zone and cytoplasm (Fig. 27, A and 

B). Interestingly, in the direct co-cultures, both in TNT formation (white arrows) and cell-to-

2.5 ALDP analysis of hDPSCs directly and indirectly co-cultured with hBMSCs. 
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cell interaction zones (white arrowheads), we could observe regions of contact with 

immunoreactive for ALDP suggesting a possible exchange or traffic of healthy peroxisomes 

from hBMSCs to X-ALD cells (Fig. 27, C).  

 

 
 
Figure 27. ALDP expression in X-ALD hDPSCs with different treatments of hBMSCs.  

In standard in vitro conditions, in studied X-ALD hDPSCs, ALDP showed punctuate staining pattern 

across cytoplasm (A, B; basal). When X-ALD hDPSCs were co-cultured both with hBMSCs (A) and 

CM-containing EVs from hBMSCs (B), no changes in ALDP expression and distribution were noticed. 

However, in TNTs (left, arrows) and cell-to-cell contacts (right, arrowheads), immunopositive 

peroxisomes were observed suggesting a possible direct exchange of healthy peroxisomes to X-ALD 

hDPSCs (C). Images (40x) were acquired with Leica SPEII confocal microscope. Cropped and zoomed 

images were processed using Fiji software. 

 

 

 

One of the hallmarks of X-ALD is the accumulation of VLCFA in bloodstream, cells and 

tissues (Moser et al., 1981). As mentioned before, X-ALD hDPSCs are a feasible model to in 

vitro reproduce X-ALD because, among other characteristics, they exhibited elevated neutral 

lipid accumulation within the cytoplasm and perinuclear regions compared to healthy cell 

populations. With the aim to study both the direct impact of hBMSCs and their paracrine effect 

on build-up of neutral lipids, we performed direct and indirect co-cultures of hBMSCs or their 

2.6 Neutral lipid accumulation study in presence of hBMSCs. 

c 

c 
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CM-containing EVs and X-ALD hDPSCs. Once we established mentioned co-cultures, we 

analysed neutral lipid accumulation by BODIPY 493/503 and LipidTOX Deep Red staining 

following the same protocol than in the developing in vitro model. We tracked neutral lipid 

staining across time in both types of co-cultures. After three days, we observed a significant 

reduction of this aberrant accumulation when cells were incubated with presence of CM-

containing EVs both in BODIPY 493/503 and LipidTOX Deep Red staining. To confirm that 

this fact is exclusively due to the paracrine function of hBMSCs, we parallely performed same 

experiments with basal media composed by DMEM 1X. In this control group (DMEM 1X), 

none evidence of neutral lipid reduction was noticed neither by BODIPY 493/503 nor 

LipidTOX Deep Red staining confirming our hypothesis (Fig. 28, A and C). This reduction was 

quantified in terms of CTCF and results were in line with what was observed in confocal 

images (Fig. 28, B and D). 

 

The following step was to analyse the direct effect of hBMSCs on neutral lipid 

accumulation and its possible reduction. As mentioned before, in direct co-cultures, prior to 

their establishment, cell populations were transduced with different lentiviral constructs. In this 

case, X-ALD hDPSCs were transduced with Lentivirus-RFP while hBMSCs followed same 

protocol for Lentivirus-GFP. All cell populations showed same cell growing as their cell 

counterparts without lentiviral transduction. Likewise, X-ALD hDPSCs-RFP showed 

abnormal neutral lipid accumulation in comparison to healthy RFP cells assessed by LipidTOX 

Deep Red staining (Fig. 28, E). After three days of direct co-culture, we assessed neutral lipid 

accumulation by LipidTOX Deep Red staining and we identified that X-ALD hDPSCs-RFP 

showed a slight increase in neutral lipid accumulation (Fig. 28, E) assessed by CTCF 

quantification (Fig. 28, F). These results confirmed that EVs present in CM of hBMSCs have 

an important and significant effect on VLCFA metabolism not seen in their cellular counterpart. 
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Figure 28. Direct and indirect effect of hBMSCs on neutral lipid metabolism and accumulation. 

CM-containing EVs from hBMSCs reduced altered neutral lipid accumulation, assessed by BODIPY 

493/503 staining, in X-ALD hDPSCs within 72 hours compared to those incubated only with DMEM 

1X (A). Reduction of fluorescence corresponding to neutral lipid was quantified in terms of CTCF (B). 

LipidTOX Deep Red staining revealed similar results with an evident decrease of neutral lipids 

accumulation when cells were cultured with CM-containing EVs from hBMSCs compared to those 

incubated only with DMEM 1X (C). This reduction was quantified in terms of CTCF (D). Healthy and 

X-ALD hDPSCs-RFP displayed significant differences in neutral lipid accumulation similarly to those 

observed in cells without lentiviral transduction. Direct co-culture of hBMSCs-GFP and X-ALD 
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hDPSCs-RFP resulted in a slight increase of neutral lipid accumulation after 72 hours (E) quantified by 

CTCF values (F). The histograms show mean of CTCF values of BODIPY 493/503 and LipidTOX Deep 

Red and SD bar errors. Multiple comparisons were made using tests for independent samples (Kruskal-

Wallis test). Images (40x) were acquired using Leica SPEII confocal microscope. Asterisks indicate p 

value: p<.001 (***), a.u: arbitrary units, CC: co-culture. 

 

 

 

One of mechanisms implicated into the pathophysiology of X-ALD is oxidative stress. 

Evidences of oxidative stress in X-ALD were reported both in post-mortem tissue (Powers et 

al., 2005), plasma (Vargas et al., 2004) and in in vitro experiments (Baarine et al., 2012; J. Zhou 

et al., 2021). In this work, we were interested in determining whether CM-containing EVs 

could protect X-ALD hDPSCs from oxidative stress conditions. Hence, oxidative stress was 

induced using H2O2 prior to the addition of CM-containing EVs to cell cultures. Induction of 

oxidative stress was confirmed after incubating 500 µM of H2O2 for two hours. The changes 

in cell cultures were observed as a transition from spindle-shaped fibroblast-like morphology 

to a more rounded and shrunken form when they were incubated with H2O2 (Fig. 29, A). 

Further, oxidative stress was confirmed by Caspase3/7 expression (Fig. 29, B) evidencing a 

considerable increase in the percentage of cells expressing this apoptotic marker (Fig. 29, C). 

 

 
 
Figure 29. Induced oxidative stress in X-ALD hDPSCs by H2O2.  

Phase contrast (PhC) images of X-ALD hDPSCs in their standard culture media, designated as basal, 

(left) and two hours after the addition of 500 µM of H2O2 (right) showing typical morphological changes 

due to apoptosis (A). Fluorescent images of X-ALD hDPSCs in basal media and after addition of 500 

µM of H2O2 showing the expression of Caspase 3/7 (B), confirming cell apoptosis. Histogram shows 

2.7 Protective effect of CM under oxidative stress conditions and cytotoxicity. 
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cell population percentage (%) positive to Caspase 3/7 and SDs bar errors. Comparison between samples 

were made using tests for paired samples (Mann Whitney tests). All images (10x) were taken using 

InCucyte incubator and processed by its software. Asterisks indicate p value:  p<.01 (**). 

 

Once cells were stressed, CM-containing EVs or DMEM 1X was added to cultures for 72 

hours and evaluation of apoptosis was performed. First differences in apoptosis between cells 

incubated with CM-containing EVs or DMEM 1X were observed. Strikingly, most of cells 

incubated with DMEM 1X after oxidative stress induction were apparently dead or starting 

apoptotic process based on evident morphological changes under in vitro conditions. Most of 

cells incubated with DMEM 1X were damaged after 72 hours without any significant recovery 

of their in vitro morphology. By contrast, cells incubated with CM-containing EVs survived 

and returned to their original form with spindle-shape morphology (Fig. 30, A). Additionally, 

supernatants of these cultures were analysed by flow cytometry and significant differences 

were found between both groups. Stressed X-ALD cells incubated with DMEM 1X showed 

more particles in supernatants confirming more cell death in this group and also more cell 

debris compared to cells incubated with CM-containing EVs (Fig. 30, B). 

 

 
 
Figure 30. Effect of CM-containing EVs in cell viability of induced-oxidative stressed X-ALD 

hDPSCs.  

Phase contrast images of stressed X-ALD hDPSCs after 72 hours incubated with DMEM 1X (right) and 

CM-containing EVs (left) with remarkable differences in cell viability. FSC vs SSC density plots from 

supernatants of CM (left) and DMEM group (right). DMEM group showed higher density of cell debris 

(B). Images (10x) were obtained from InCuCyte incubator and processed by its software. 

 

Once we confirmed differences between cells incubated with CM-containing EVs or 

with DMEM 1X, the next step was to study specific markers of apoptosis. We choose the 

annexin V/7-AAD kit for flow cytometry as it enables the identification of different groups of 

the cell population based on their apoptotic damage: early apoptotic cells (Annexin V+/ 7-AAD-

), late apoptotic cells (Annexin V+/ 7-AAD+) and dead cells (Annexin V-/ 7-AAD+). 
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Regarding results of Annexin V and 7-AAD expression, clearly differences were 

noticed in line with was previously observed. First of all, this kit also confirmed suitability of 

H2O2 as an inductor of oxidative stress as they notably increased cell percentage of cells 

expressing one or both markers (Fig. 31, A). Additionally, analysis of these apoptotic markers 

in stressed cells incubated with CM-containing EVs or DMEM 1X revealed evident differences 

(Fig. 31, B). As mentioned above, most of stressed cells incubated with DMEM were found in 

supernatants as cell debris. As a result, this group showed evident less cell population, restricted 

to only-surviving cells. In addition to this, stressed cells analysed by flow cytometry confirmed 

the presence of early (60.9 ± 5.1 %) and late apoptotic (17.4 ± 2.3 %) cells as well as death 

cells (16.9 ± 0.2 %). These categorized groups were also observed in stressed cells incubated 

with CM-containing EVs, but a reduced rate, being early apoptotic cells predominant (40.9 ± 

4.7 %) followed by late (15.2 ± 0.7 %) and death cells (13.4 ± 0.9 %). These results confirmed 

the presumable protective effect of CM-containing EVs in oxidative stress environment, being 

able of rescuing a healthy phenotype of stressed X-ALD cells with a reduction of general 

apoptosis (Fig. 31, C) and cell death (Fig. 31, D).  
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Figure 31. Analysis of protective effect of CM-containing EVs on stressed X-ALD hDPSCs through 

the expression of Annexin V and 7-AAD.  

Flow cytometry scatter plots of Annexin V-PE and 7-AAD in X-ALD cells in basal and stress conditions 

(A) and incubated with CM-containing EVs or DMEM 1X after 72 hours (B). Each dot represents an 

individual cell and the density of dots indicates the relative abundance of cells in each quadrant. Graphs 

show mean of percentage of cells expressing early and late apoptotic markers (general apoptosis) (C) 

and cell death (D) and SDs bar errors of different examined conditions.  

 

 

 

In the previous chapter we exposed the divergent effect of C26:0 in healthy and X-

ALD hDPSCs. Whereas in healthy cell population, C26:0 did not induce any significant change 

in their cell growth or viability, in X-ALD hDPSCs, this type of VLCFA induced delayed in 

cell growth and even cell death when exposed to higher concentrations. This fact confirmed 

that X-ALD hDPSCs presented an alteration in C26:0 metabolism through peroxisomal b-

oxidation, characteristic of the disease. 

 

With the aim to analyse if the indirect use of hBMSCs could ameliorate the disruptive 

effect of C26:0 in X-ALD cell cultures, we performed indirect co-culture experiment using 

CM-containing EVs derived from hBMSCs. Based on previous experiments, we used the same 

concentrations of C26:0 and analysed same parameters: cell confluence and cell death 

percentages. Surprisingly, when X-ALD cells were incubated both with C26:0 and CM-

containing EVs, notably changes were noticed. CM induced a rescue in cell growth of X-ALD 

hDPSCs exposed to 50 µM of C26:0. Without the presence of CM-containing EVs, C26:0 

caused a delayed in cell growth, but CM normalized cell growth to basal conditions (Fig. 32, 

A). This cell growth was quantified in terms of cell confluence percentage (Fig. 32, B). 

 

When used increased concentrations of C26:0, CM-containing EVs also caused 

significant changes. Concretely, CM rescued a healthy phenotype and induced a protective 

2.8 Effect of CM in X-ALD hDPSCs cultured with an excess of C26:0. 
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effect against cytotoxicity of C26:0 to X-ALD cell cultures. When X-ALD cells were exposed 

to 100 µM of C26:0, most of them abruptly died. However, this high concentration of C26:0 

did not induce such cell death if CM-containing EVs were present in the culture indicating an 

apparent correction in VLCFA metabolism (Fig. 32, C). Cell death and their rescue were 

quantified confirming our hypothesis (Fig. 32, D).  

 

 
 
Figure 32. Protective effect of CM-containing EVs on X-ALD hDPSCs cultured with an excess of 

C26:0. 

Phase contrast images of time-lapse cultures of X-ALD hDPSCs cultured with 50 µM (A) and 100 µM 

(B) of C26:0 with and without CM-containing EVs. Significant differences were found in X-ALD cells 

treated with CM-containing EVs in terms of cell growth (C) and viability (D). Comparisons were made 

using tests for paired samples (Wilcoxon matched pair signed rank test). All images (10x) were obtained 

from InCuCyte incubator and processed by its software. Asterisks indicate p value: p<.05 (*). 
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The therapeutic role of hBMSCs on neuronal plasticity has been studied for several 

years (Azevedo-Pereira et al., 2024). In this case, we sought to analyse the direct effect of 

hBMSCs on neural differentiated X-ALD cells. In the previous chapter, we exposed significant 

functional differences of differentiated neural-like X-ALD cells in comparison to healthy 

differentiated cells. Knowing this, we attempted to determine the direct effect of hBMSCs on 

these differentiated cells in terms of functionality through electrophysiology experiments. X-

ALD hDPSCs followed the neural differentiation protocol and, five days before analysis, 

hBMSCs-GFP were added to cell cultures. At day in vitro 40 (DIV), healthy and X-ALD 

neural-like cells were analysed by whole-cell patch clamp records. Interestingly, we found 

evident differences in X-ALD neural-like cells when were co-cultured with hBMSCs. In this 

case, the pattern of Na+ currents restored their healthy status, changing their amplitude and 

kinetics being more similar to healthy differentiated cells (Fig. 33, A). In more detail, we 

examined this fact and quantified the maximum current of sodium normalised to cell size and 

found significant differences between healthy and X-ALD differentiated cells, evidencing an 

alteration in the neuronal differentiation process exclusively in the disease-case. This evident 

difference was not seen when hBMSCs were co-cultured with X-ALD cells (Fig. 33, B). In line 

with this, we also explored the time to peak value which corresponds to the interval between 

the onset of an electrical signal and its maximum amplitude, indicating the speed of cellular 

response or signal propagation. Consistent with the changes observed in Na+ current kinetics, 

X-ALD neural-like cells showed slower time-to-peak than their healthy counterparts, 

suggesting delayed signal propagation and impaired neuronal activity. However, when these 

cells were directly co-cultured with hBMSCs-GFP, their time-to-peak was significantly 

reduced being more similar to healthy cells and indicating a striking rescue of phenotype (Fig. 

33, C). This change further corroborated the idea that the presence of hBMSCs facilitated the 

restoration of normal neuronal activity and functionality in X-ALD cell population. Altogether, 

these results provide compelling evidence that hBMSCs can directly influence the 

electrophysiological properties of X-ALD neural-like cells, significantly improving their 

functionality. This highlights the potential of hBMSCs as a therapeutic approach for restoring 

neuronal plasticity and function in neurodegenerative diseases like X-ALD. Therapeutic effects 

of hBMSCs may be mediated through their ability to modulate ion channel activity, particularly 

in relation to Na+ currents, and may involve mechanisms such as the release of soluble factors 

or direct cell-to-cell interactions that promote functional recovery. 
 

2.9  Direct effect of hBMSCs on neural-like cells. 
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Figure 33. hBMSCs correct the deficient neuronal-like differentiation of X-ALD hDPSCs. 

Electrophysiologic recordings (whole-cell patch clamp) of neural-like differentiated healthy and X-ALD 

hDPSCs (A). X-ALD neural-like cells showed Na+ and K+ currents with lower peak amplitude and 

slower kinetics than healthy neural-like cells. When X-ALD neural-like cells were co-cultured with 

hBMSCs, differentiated cells increased their maximum Na+ current (B) and reduced their time-to-peak 

(C), rescuing a healthy phenotype. The histograms show mean values of maximum intensity current of 

Na+ (B) and time to peak (C) and SDs. Comparisons between samples were made using tests for 

independent samples (Mann-Whitney tests). Asterisks indicate p value: p<.05 (*), pA: picoamperes, pF: 

picofarads, ms: milliseconds. 

 

 

 

Direct cell-to-cell communication is one of mechanisms of action of hBMSCs. 

Through the establishment of contacts, hBMSCs can exert their activity in different cell co-

cultures. Within this context, we sought to analyse direct cellular communication between 

hBMSCs and X-ALD hDPSCs. As mentioned before, the different cell populations were 

transduced with different lentiviral constructs in order to discern between them. In this case, 

following the same strategy than in neutral lipid studies, we transduced X-ALD hDPSCs with 

Lentivirus-RFP and hBMSCs with Lentivirus-GFP. Thus, X-ALD hDPSCs-RFP and hBMSCs-

GFP co-cultures were established in a ratio 1:1 for 72 hours. Three days after co-cultures were 

established, we analysed cell-to-cell contacts. First of all, we clearly noticed that both cell 

2.10 Intercellular communication and exchange of cytoplasmatic components. 
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populations interacted each other, with different types of contacts. We observed cell-to-cell 

communication between distant cells through the formation of TNTs, but also interaction 

between closer cells were reported (Fig. 34, A). To analyse these closer interactions in further 

detail, we studied the formation of gap junctions in cell-to-cell contacts. hBMSCs-GFP 

interacted with X-ALD hDPSCs-RFP through formation of gap junctions confirmed by the 

localization of Cx-43 (white arrows) at the intercellular contacting zones (Fig. 34, B).  

 

 
 
Figure 34. Cell-to-cell interactions of X-ALD hDPSCs and hBMSCs.  

Direct co-cultures of hBMSCs-GFP and X-ALD hDPSCs-RFP revealed cell-to-cell interactions between 

different cell populations (A). These cell-to-cell interactions were established through GJ formation, 

confirmed by Cx-43 immunofluorescence (B. white arrows). All images (40x and 63x) were taken by 

Leica SPEII confocal microscope. Cropped and zoomed images were processed using Fiji software.  

 

Through establishment of intime contacts between cell population, exchange of 

different factors could be done (Plotnikov et al., 2010; Velarde et al., 2022). In this case, we 

analysed a possible exchange of cytoplasmatic material from hBMSCs-GFP to X-ALD 

hDPSCs-RFP. Interestingly, we observed cytoplasmatic material derived from hBMSCs-GFP 

in X-ALD hDPSCs-RFP as a form of GFP material in X-ALD hDPSCs-RFP cytoplasm. To 

demonstrate the inclusion of this endogenous material, orthogonal projections of confocal 

images were studied and confirmed our hypothesis (Fig. 35, A). Next step was to study 

determinant components found in this exogenous GFP cytoplasmatic component as healthy 

ALDP. Thus, we performed ALDP expression analysis by immunofluorescence. Surprisingly, 

when orthogonal projections of this immunofluorescence images were analysed, we confirmed 

the presence of ALDP+ peroxisomes, derived from hBMSCs, included in the cytoplasmatic 

material found in X-ALD cytoplasm (Fig. 35, B). Nevertheless, the cell percentage of X-ALD 

hDPSCs RFP presenting GFP material with healthy peroxisomes was low in comparison to the 

high percentage of X-ALD with GFP inclusions (Fig. 35, C). This fact confirmed donation of 
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healthy peroxisomes to X-ALD cell population and opens the possibility of a probable 

restoration of ALDP function.  

 

 
Figure 35. Direct co-culture of X-ALD hDPSCs and hBMSCs revealed cytoplasmatic material 

donation from hBMSCs.  

Orthogonal projections of direct co-cultures demonstrated that X-ALD hDPSCs-RFP included GFP 

cytoplasmatic material in their cytoplasm, confirming exchange of cellular components (A). 

Immunofluorescence against ALDP confirmed presence of healthy peroxisomes in these GFP 

cytoplasmatic material included in X-ALD hDPSCs RFP, suggesting an exchange of healthy 

peroxisomes from hBMSCs (B). The histogram shows the meaning and SDs bar errors of cell percentage 

of X-ALD hDPSCs-RFP with GFP material and with GFP material and presence of ALDP 

immunoreactivity (C). Images (40x) were acquired using Leica SPEII confocal microscope. Cropped 

and zoomed images were processed by Fiji software. Orthogonal projections were obtained with Imaris 

(A) and Fiji software (B). 
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Once we confirmed the direct exchange of cytoplasmatic components through cell-to-cell 

contacts, we aimed to assess if there was an exchange of other cellular components such as 

mitochondria. The critical role of mitochondria in X-ALD was exhaustively studied before 

being determinant in oxidative stress (Fourcade et al., 2015). Thus, we performed direct co-

cultures of hBMSCs-GFP and X-ALD hDPSCs-RFP in a ratio 1:1 for 72 hours. After that time, 

immunofluorescence against human mitochondria was performed and confirmed abundant 

presence of these organelle in cellular contacting zones. Interestingly, these mitochondria were 

evident in the different interacting contacts previously reported: close contacts (Fig. 36, A) and 

TNTs (Fig. 36, B). However, based on this conducted experiment, we could not confirm if the 

origin of these mitochondria was derived from hBMSCs and also, we could not discern between 

intrinsic and exogenous mitochondria. 

 

Due to this problematic, we changed lentiviral strategy in direct co-cultures in order to 

confirm apparent mitochondria trafficking. As previously mentioned, we transduced hBMSCs 

cell population with a lentiviral construct that specifically label human mitochondria in red 

(Lenti-mitoDsRed). By contrast, X-ALD hDPSCs were transduced using Lentivirus-GFP. 

Direct co-cultures followed same protocol as previous experiments, seeded in a ratio 1:1 and 

maintained for 72 hours. Immunofluorescence confirmed colocalization of human 

mitochondria with RFP being able to discern between mitochondria derived from hBMSCs cell 

population (Fig. 36, C). Additionally, in order to confirm or discard presence of mitochondria 

derived from hBMSCs-mitoRed in cell-to-cell contacts, we assessed Cx-43 analysis and 

confirmed presence of these organelle in contacting zones where GJ were established through 

Cx-43 expression (Fig. 36, D). 

 

2.11 Direct cell-to-cell communication and exchange of healthy mitochondria 
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Figure 36. Mitochondria analysis in direct co-culture of hBMSCs and X-ALD hDPSCs.  

Confocal images of direct co-cultures composed by hBMSCs-GFP and X-ALD hDPSCs RFP showing 

immunoreactivity for human mitochondria (hMit) and focused on intimal cell-to-cell contacts (A) and 

TNTs (B). Confocal images of direct co-culture of hBMSCs-mitoRed and X-ALD-GFP hDPSCs 

indicating expression of Cx-43, specific marker for GJ formation (C). All images (40x and 63x) were 

taken by Leica SPEII confocal microscope. Zoomed and cropped images were processed using Fiji 

software. 

 

Apart from the presence of red mitochondria in contacting zones, we also analysed the 

likely existence of X-ALD cells with presence of red mitochondria included in their cytoplasm. 

After 72 hours of co-culture, we observed X-ALD cells with red mitochondria (Fig. 37, A). At 

this time, the number of mitochondria inclusions was extremely variable, reporting cells with 

high number of mitochondrial inclusions (43 red mitochondrial material in one cell), others 

with a few (1 red mitochondrial material in one cell) and others without any type of red 

mitochondria (data not shown). To firmly confirm that red mitochondria originating from 

hBMSCs was included in X-ALD cytoplasm, we performed orthogonal projections of analysed 

confocal images. In line with was observed, orthogonal projections confirmed donation of 

healthy mitochondria from hBMSCs to X-ALD (Fig. 37, B). 
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Figure 37. hBMSCs donate healthy mitochondria to X-ALD cells.  

Confocal image of immunofluorescence against hMit. The image notices the existence of red 

mitochondria in X-ALD hDPSCs-GFP in their cytoplasm (white arrows) (A). Orthogonal projection of 

analysed confocal image confirming the inclusion of mitochondria (B). Images (40x and 63x) were taken 

by Leica SPEII confocal microscope. Orthogonal projection was performed using Imaris software. 

 

Next step in these mitochondria trafficking analysis, was to elucidate if the number of cells 

with donated mitochondria in their cytoplasm increase over time. Thus, we analysed these co-

cultures by flow cytometry at different times: 24, 48 and 72 hours. Results of flow cytometry 

analysis revealed an evident decrease in X-ALD cell population presenting red mitochondria 

(Fig. 38, A). To explain this fact, we performed time-lapse analysis of direct co-cultures and 

we noticed that there were cases in which X-ALD with few donated mitochondria divided and 

one of the two resulting cells did not show red mitochondria, being only present in one of them 

(Fig. 38, B). So, the constant division of growing X-ALD cells, increase the cell population but 

donated mitochondria did not distribute equally.  

 

 

 
 
Figure 38. Analysis of donated mitochondria over the time in direct co-cultures of hBMSCs and 

X-ALD.  
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Flow cytometry scatter plots of direct co-cultures at 24, 48 and 72 hours showing the different cell 

populations: GFP corresponds to X-ALD cells, RFP corresponds to hBMSCs and double positive 

corresponds to X-ALD with donated mitochondria (A). Each dot represents an individual cell and the 

density of dots indicates the relative abundance of cells in each quadrant. Time-lapse images of X-ALD 

cell with one red mitochondrial inclusion dividing (B). Notice red mitochondria highlighted with white 

arrow. Images (10x) were obtained by InCuCyte incubator and software. 

 

Organelle donation has been also reported by paracrine pathway (Thomas et al., 2022). In 

order to analyse an indirect plausible exchange of mitochondrial material, we used CM-

containing EVs from hBMSCs-mitoRed cell cultures in X-ALD hDPSCs GFP during 72 hours. 

After this time, we observed healthy red mitochondrial material in X-ALD hDPSCs GFP 

(Fig.39, B). No colocalization was found with antibody against human mitochondria 

suggesting that this material suffered some type of fractioning process before being 

encapsulated in microvesicles. Orthogonal projections confirmed suspected inclusion (Fig. 39, 

C). We parallelly performed same experiments in X-ALD hDPSCs GFP without presence of 

CM-containing EVs from hBMSCs-mitoRed and we found no presence of RFP material in X-

ALD cytoplasm (Fig. 39, A), suggesting mitochondrial specificity in direct co-cultures. We 

also analysed mitochondrial inclusions in X-ALD hDPSCs GFP over time and we found a 

slight decrease in number of mitochondrial materials per cell at 5 days of co-culture compared 

to 3 days (Fig. 39, D). 
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Figure 39. Indirect donation of mitochondrial components to X-ALD cell cultures.  

Confocal image of immunofluorescence of X-ALD-GFP hDPSCs against hMit and RFP (A). Confocal 

images of immunofluorescence of indirect co-culture of X-ALD-GFP hDPSCs cells cultured with CM-

mitoRed against hMit and RFP (B). Orthogonal projection of analysed confocal image confirming 

inclusion of red mitochondrial components in their cytoplasm (C). Graph shows mean of the number of 

mitochondria per cell and SDs bar errors of co-cultures maintained three or five days (D). All images 

(40x) were taken by Leica SPEII confocal microscope. Orthogonal projection was performed using Fiji 

software. 
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This image is property of Claudia Pérez García. Phase contrast image of neural differentiated human dental pulp 
stem cells. Image acquisition: Sartorious InCuCyte s3. 
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The term of leukodystrophy (LD) is used to denote a heterogeneous group of disorders 

that affect the white matter of CNS with inheritable condition (Bonkowsky, 2021). Currently, 

more than 30 types of LDs have been described and classified based on several features such 

as RMI findings, cellular pathology or metabolic approach (Vanderver et al., 2015). LDs can 

be manifested at any stage of life and show highly variable clinical manifestations and 

pathologic mechanisms ranging from developmental delay to seizures and spasticity 

(Bonkowsky, 2021). One of the most common LDs is X-ALD with an estimated prevalence of 

1 in 17,000 male births (Engelen et al., 2012c; Turk et al., 2020). As commented previously, 

therapeutic approach in X-ALD is limited due to their complex clinical manifestations, the 

absence of a genotype-phenotype correlation and pathophysiological mechanisms that remain 

unclear. Due to these considerations, in this Doctoral Thesis, we propose hDPSCs as a feasible 

source to study such a complex disease as X-ALD. In line with this, we also examinate the 

therapeutic potential of hBMSCs on this model. 

 

- The use of hDPSCs for modelling X-ALD. 

 

hDPSCs are a mesenchymal subpopulation, embryologically derived from multipotent 

neural crest cells, that reside inside the dental pulp, a highly vascularized connective tissue 

located at the core of the tooth (Gronthos et al., 2000). Among its characteristics, hDPSCs 

possess MSC characteristics such as self-renewal capability and multilineage differentiation 

potential (Gronthos et al., 2002), but they also have a great value due to their neural crest cell 

origin as they are able to differentiate into neurons and glia (Arthur et al., 2008) and to induce 

neurogenesis (Ishizaka et al., 2013).  

 

As NCP, hDPSCs are a feasible source to study cell migration abilities in which ACE2 

expression plays a critical role. In this dissertation, we observed that, under migrating 

conditions, healthy hDPSCs differently express ACE2 with high expression and accumulation 

in the cellular membrane of the leading pole compared to basal static cells. This fact suggests 

that increasing ACE2 expression and mobilization to the cell membrane may represent a 

general mechanism present in migratory cells to improve oxygen supply along migratory 

pathways. Since the discovery of hDPSCs in 2000 (Gronthos et al., 2000), the use of different 

types of dental pulp stem cells has been of special interest, not only because of their own 

potential characteristcs, but also because of their therapeutic potential. 

Discussion 
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In this Doctoral Thesis, the use of hDPSCs was specifically focused on the in vitro 

modelling of X-ALD. The first general hypothesis was to explore if donated X-ALD hDPSCs 

reproduced specific clinical hallmarks related to disease. As mentioned in the results chapter, 

these X-ALD cells mimic several X-ALD features making them a promising source to study 

such complex disease. Among those X-ALD features, we explored from their genetic status to 

their VLCFA tolerance. We first performed genetic analysis to better understand the possible 

pathologic characteristics of cells. However, despite our effort, we did not find any mutation 

or pathogenic variants in all sequenced regions of ABCD1 gene, the exclusive gene responsible 

of the disease. Thus, genetic mutation of ABCD1 might be found in non-explored regions such 

as 5’ and 3’untranslated regions (UTRs) as well as in intronic intervening sequences (IVS). The 

next step was to evaluate ALDP expression in order to find any significant difference when 

compared to healthy hDPSCs. ALDP expression in X-ALD hDPSCs did not differ of analysed 

healthy hDPSCs, with an immunopunctuate pattern in perinuclear and cytoplasm. Although 

experiments assessing ALDP expression can provide valuable insights into the presence of X-

ALD pathology in cells, such information would only be meaningful if the protein is found to 

be absent or significantly reduced. In our case, normal expression of ALDP cannot firmly 

confirm the existence of X-ALD pathologic defects in these cells, but it does not rule out either. 

This is because ALDP can be found at normal levels in X-ALD patients giving rise to same 

clinical manifestations than those who present absent or reduced protein as summarized 

Watkins et al (1995) (Watkins et al., 1995). Moreover, in the case of known missense 

pathogenic variants, there are cases in which ALDP is detectable (Fig. 40). 

 

The heart of the issue resides into protein functionality and even if protein is structurally 

stable and expressing as basal, their main function might be compromised. For this reason, we 

aimed to analyse differences related to lipid accumulation in order to elucidate plausible 

alterations in ALDP function. In this case, we noticed remarkable differences in neutral lipid 

accumulation compared to healthy cells using different types of staining: ORO, BODIPY 

493/503 and LipidTOX Deep Red. The most common technique to detect VLCFA in biological 

samples derived from X-ALD patients is gas chromatography/ mass spectrometry (GC/MS) 

measuring concentrations and ratios of hexacosanoic acid (C26:0), tetracosanoic acid (C24:0) 

and docosanoic acid (C22:0). However, in biological samples, fatty acyl chains are typically 

not found in their free state but are instead incorporated into complex lipids such as 

phospholipids (PLs) (O’Neill et al., 1981). Additionally, recent progress in comprehensive 

lipidomic analysis using liquid chromatography-tandem mass spectrometry (LC-MS/MS) has 

identified that, in X-ALD patients, VLCFAs are mainly present within PLs, glycolipids and 

neutral lipids (Abe et al., 2014; Lee et al., 2019). In line with this, all stains that were used for 
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analyse aberrant lipid accumulation revealed specific related-X-ALD differences between cell 

populations, being a starting point for developing the in vitro model.  

 

 

 
 
Figure 40. Pathogenic variants and ALDP stability.  

Representative illustration of ALDP structure and the effect of missense (likely) pathogenic variants on 

its stability. Source: https://adrenoleukodystrophy.info/. 

 

 

The alteration of neutral lipid accumulation, due to a non-functional but stable ALDP, 

demonstrates the existence of X-ALD in these analysed hDPSCs, but more specific assays were 

performed to better characterise the cells. As previously mentioned, C26:0 accumulation is one 

of hallmarks of X-ALD. We did not detect concentrations of these VLCFA in our cells, but we 

studied the effect of different concentrations in different cell cultures. The inability of X-ALD 

hDPSCs to correctly metabolize C26:0 compromised their normal growth and viability 

resulting in a delayed cell growth and even cell death at highest studied concentration. By 

contrast, in healthy cells none of these events occurred. These results were in accordance with 

previous reports that emphasize the cytotoxicity of C26:0 to X-ALD fibroblasts (Fourcade et 
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al., 2008), but being the first time to be identified in hDPSCs. Being demonstrated X-ALD 

features in the cells under their in vitro standard conditions, we further extended the study and 

exploited the advantages of hDPSCs in terms of neurogenic potential.  

 

Since now, research focused on human neural cell types of X-ALD patients has been done 

with post-mortem tissue (Yska et al., 2024) or with reprogrammed fibroblasts (Baarine et al., 

2015; Jang et al., 2011), but working with hDPSCs show advantages against other sources due 

to their intrinsic characteristics. Due to the extensive experience in the field, we choose a 

precise protocol for neural differentiation previously developed from our group (Bueno et al., 

2021). Taking advantage of the benefits offered by several techniques, we were able to conduct 

a comprehensive analysis of X-ALD differentiated cells. Combining obtained results of 

immunofluorescence and electrophysiology, we determined that X-ALD showed clearly 

disease-related differences in comparison to healthy cells. X-ALD hDPSCs differentiated into 

neural-like cells as healthy cells do, but aberrant neutral lipid accumulation persisted. In 

addition to this fact, that was previously analysed in undifferentiated cells, X-ALD neural-like 

cells also presented differences in neuronal functionality as electrophysiologic records 

suggested. Whole-cell patch clamp demonstrated that, using this protocol, we could obtain 

functional neuronal-like cells with the ability to generate action potentials. These action 

potentials were analysed by characterizing the presence and activity of voltage-gated sodium 

channels. Thus, both healthy and X-ALD neural-like cells showed sodium and potassium 

currents, making possible to achieve a precise model of X-ALD. However, discrepancies in 

amplitude and kinetics of sodium channels were noticed between different cell population. X-

ALD neural-like cells showed lower peak of amplitude and slower kinetics of sodium currents, 

suggesting an alteration in the process of neuronal differentiation. One possible explanation to 

this fact could be the distribution of fatty acids across sodium channels. The demonstrated 

alteration in fatty acid accumulation of X-ALD neural-like cells might be compromising the 

proper function of sodium channels. However, further studies are needed to explain this fact. 

Therefore, the process of neural differentiation of X-ALD hDPSCs is feasible and bring 

promising results not only related to same alterations studied in undifferentiated cells, but also 

to those related with the process of differentiation. 

 

The use of hDPSCs as in vitro source for developing novel cell models of different genetic 

disorders is a promising tool which has numerous advantages versus the use of other studied 

sources. The lack of access to human neural cell types restricts the in vitro studies of several 

neurologic diseases and focuses the research exclusively to the use of animal models. In the 

case of X-ALD, animal models do not recapitulate human disease, since single knock-out does 

not present any type of demyelinating disease in CNS (Lu et al., 1997). Due to this problematic, 
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several authors used iPSCs from X-ALD fibroblasts to obtain different neural cell types and 

analyse X-ALD characteristics in these differentiated cells (Baarine et al., 2015; Jang et al., 

2011). iPSCs are a promising source that allow the study of cells that are inaccessible due to 

invasiveness and bring valuable knowledge into the field (Takahashi et al., 2007). Nevertheless, 

in the specific case of modelling genetic diseases might not be the best or, at least, the exclusive 

option. Although iPSCs technology allows an unlimited source of human cells or tissues that 

carry specific-causing disease mutations, it has limitations which has to be emphasized. The 

main concerns of iPSCs for in vitro modelling diseases are related to their high variability in 

their biological properties, which can give rise to a high inconsistency of resulted disease 

phenotypes (Soldner & Jaenisch, 2012). The causes of these unpredictable results are diverse: 

from cellular changes resulted from the reprogramming process of somatic cells to differences 

in genetic background. Examples of these alterations are: disruption or dysregulation of genes 

if the vector integrates in the host genome (Soldner et al., 2009), transcriptional derepression 

of genes on the inactivated X chromosome (Mekhoubad et al., 2012) and genetic alterations 

such as point mutations and copy number variations (CNVs) (Gore et al., 2011; Hussein et al., 

2011). Additionally, other challenges are disease-specific such as the difficulty of recapitulate 

human diseases that depend on complex interactions of multiple genetic or environmental 

factors. For this reason, not all human diseases can be modelled in vitro using iPSCs 

technology. By contrast, hDPSCs are a reasonable alternative to iPSCs technology specially in 

complex diseases such as X-ALD. In the case of X-ALD, the use of hDPSCs takes special 

relevance because their likely manifestation during childhood, when human dentition is taking 

place and deciduous teeth can be easily obtained without invasive surgery methods. Therefore, 

in vitro modelling of genetic diseases using hDPSCs is less costly than iPSCs cultures and 

differentiation protocols are generally more standardised and take less time. Obviously, genetic 

alterations that may be presented in iPSCs cultures, are not reported when hDPSCs are used 

for modelling genetic disease, assuring a genetically well-defined model system. 

Unfortunately, hDPSCs also show disadvantages related to their own properties as they have 

limitation rate of growth unlike iPSCs or immortalized cell lines (Masuda et al., 2021). 

Additionally, in specific disease-cases, the in vitro modelling of the disease using hDPSCs may 

be challenging due to the lack of precise differentiation protocols or the poorly studied 

methodology for certain types of mature cells such as excitatory and inhibitory neurons. 

Nevertheless, there are evidences of the use of hDPSCs in the study of neuropsychiatric genetic 

disorders with promising results (Urraca et al., 2018). Considering everything, hDPSCs are an 

excellent source of unique hMSCs that are easily and at low culturing cost extracted from tooth, 

biological tissue normally considered as a medical waste. Their intrinsic features such as their 

high plasticity, makes them a valuable option to be examinate in the field of in vitro modelling 

diseases with special attention to those with genetic alterations.  
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Regarding our specific use of hDPSCs for in vitro modelling X-ALD, we are aware of our 

limitations. The specific results obtained in this Doctoral Thesis are only representative of this 

specific donor. However, this study is the first to utilize hDPSCs as a model for X-ALD, 

successfully demonstrating that the disease pathology can be effectively replicated in this 

specific cell type. As mentioned before, one of the features of X-ALD is their wide spectrum 

of clinical manifestations that can be present independently of genotype. Increasing the number 

samples from different X-ALD donors could complete the study not only to define aberrant 

alterations but also to emphasize phenotypic differences between X-ALD individuals with 

different clinical manifestations. Nowadays, human teeth are not usually classified as a 

biological specimen suitable for donation, being more considered as a medical waste. This 

classification significantly limits the availability of hDPSCs in comparison to other sources 

such as umbilical cord blood and bone marrow. Promoting greater societal awareness of the 

potential of these valuable cells, which can be easily isolated from extracted teeth, is crucial. 

Such efforts would facilitate the development of future platforms as biobanks for the collection, 

preservation and utilization of hDPSCs both for in vitro modelling and for their therapeutic 

potential in regenerative medicine. 

 

- Cellular therapeutics: the role of hBMSCs in the cell replacement therapy. 

 

Currently, various types of hMSCs are being investigated for their significant therapeutic 

potential including adipose-derived hMSCs (Freitag et al., 2019), umbilical cord-derived 

hMSCs (Ding et al., 2015) and hDPSCs (Ding et al., 2015). Among these, hBMSCs stand out 

as the most prominent. Several factors contribute to the preference for hBMSCs over other 

hMSCs sources. Firstly, they are widely accessible, relatively easy to extract and manipulate 

in vitro and their use poses no ethical concerns (Steens & Klein, 2018). Additionally, the 

combination of their inherent properties and the extensive research supporting their therapeutic 

applications makes hBMSCs a more well-established option compared to hMSCs derived from 

other sources or other type of stem cells such as ESCs. In this Doctoral Thesis, the direct and 

indirect therapeutic role of hBMSCs was exhaustively studied in a specific pathological context 

of X-ALD. 

 

In the specific case of X-ALD, it is known that the only available therapy for the cerebral 

form of the disease is HSCT. HSCT has shown significant success in halting the progression 

of cALD when administered to patients at an early stage (Cartier et al., 2014; Moser & 

Mahmood, 2007; Schönberger et al., 2007). Despite its success in X-ALD, HSCT fails in cross-

correcting recipient hBMSCs although a successful engraftment is achieved, likely due to the 
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low cell density (Koç et al., 1999). Nevertheless, the use of hBMSCs in X-ALD has been 

explored with studies showing their beneficial long-term effects in cALD patients (Shapiro et 

al., 2000) and, more recently, in those with AMN (Siwek et al., 2024). These findings suggest 

that hBMSCs transplantation, like HSCT, represent a viable treatment for X-ALD. Moreover, 

the combination of hBMSCs along with HSCT brings favourable results enhancing the cell 

engraftment and avoiding the GVHD (Burnham et al., 2020). Pre-treatment with hBMSCs in 

X-ALD patients might help stabilize or slow down the progression of the Loes score, 

preserving neurological function and providing a therapeutic bridge to subsequent HSCT. 

Further research is needed to explore this combined approach, potentially enhancing the 

therapeutic landscape for X-ALD. 

 

In this Doctoral Thesis, we have focused on the extensive therapeutic potential of 

hBMSCs in the context of the in vitro X-ALD. Attending to the direct effect which hBMSCs 

can exert on the novel in vitro model of X-ALD, we paid attention to functionality in neural 

differentiated cells and cell-to-cell interactions. The first evidence of direct therapeutic effect 

of hBMSCs was noticed in functional neural differentiation experiments. As mentioned before, 

X-ALD differentiated cells showed clearly impairments in sodium currents probably related to 

the process of differentiation. The direct addition of hBMSCs on the cell cultures during the 

last days of differentiation was fundamental to achieve a rescue of phenotype. hBMSCs directly 

induced changes in the sodium currents increasing their maximum and reducing their time to 

peak to similar values than healthy differentiated cells. These results are in line with previous 

studies that evidence the supportive role of hBMSCs on neuron primary cultures. As reported 

De Laorden et al (2023), mesenchymal stem cell populations have the ability to stimulate and 

restore neuronal activity (De Laorden et al, 2023) through establishment of physical contacts. 

These intimal contacts are essential to induce neuroprotection, but evidences of restoration of 

neuronal activity using EVs are also reported (Mauri et al, 2012). Currently, it is known that 

the crosstalk between mesenchymal stem cell populations and other cell types is achieving 

mainly through the establishment of GJ and TNTs (Tarasiuk et al., 2022). Knowing this, we 

also sought to analyse the direct communication between hBMSCs and hDPSCs. Since both 

cell populations have mesenchymal characteristics, their in vitro manipulation is easy and they 

share the same cell culture media, making feasible direct co-cultures. At the same time, 

regarding their same in vitro morphology, the identification of each cell population becomes 

compromised in this type of cultures. For this reason and as explained in previous chapters, we 

transduced cell populations using different reporters in order to identify each cell of co-culture. 

First results of these direct co-cultures revealed clearly interactions between cells, assessed by 

GJ and TNT formation, which prompted us to conduct an in-depth analysis. Thus, we sought 

to analyse a possible exchange of cytosolic material between hBMSCs and X-ALD cells. 
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Thanks to the different reporter genes employed in lentiviral constructs, we could notice 

presence of GFP material, coming from hBMSCs, in X-ALD hDPSCs cytoplasm confirmed by 

orthogonal projections. Despite being the first time that it is evidenced in hDPSCs, hBMSCs 

are able to donate cytoplasmatic and membrane components to recipient cells as Lehmann et 

al (2014) reported in an established co-culture of hBMSCs and human nucleus pulposus cells, 

where a bidirectional exchange mediated by TNT was assessed (Lehmann et al., 2014).  

 

The evident exchange of healthy components motivated us to pursue a more rigorous 

and thorough analysis. As a consequence, we analysed ALDP expression in these direct co-

cultures. First of all, we did not discern any change in number or distribution of peroxisomes 

in X-ALD hDPSCs, suggesting no changes in terms related to X-ALD disease. Nonetheless, 

through exchange of cytoplasmatic material, healthy peroxisomes might be coming from 

healthy hBMSCs. Taking as premise this hypothesis, we examined the presence of healthy 

peroxisomes in the characteristic GFP cytoplasmatic material found in X-ALD hDPSCs. 

Surprisingly, we could find ALDP immunoreactivity in those material suggesting trafficking of 

these organelle. We hypothesised that hBMSCs, across direct established contacts, donated 

healthy peroxisomes, among other organelle or molecules, to diseased cells. These healthy 

peroxisomes could replace lost of function of altered peroxisomes of X-ALD hDPSCs. We did 

not perform any assay to confirm such enhancement in functionality with a possible restoration 

in peroxisomal b-oxidation and we are aware that this fact might not be occurring, but it is a 

starting point to elucidate possible mechanisms of action of hBMSCs into X-ALD pathology. 

Moreover, through other studied direct co-cultures, we could confirm trafficking of other 

organelle: mitochondria. As well as in cytoplasmatic exchange, through GJ establishment and 

TNT formation, healthy mitochondria were able to be incorporated into X-ALD hDPSCs. The 

fact that hBMSCs donate healthy mitochondria to X-ALD hDPSCs is particularly relevant 

because of the critical role of oxidative stress in X-ALD pathophysiology. It is known that the 

combination of oxidative stress and mitochondrial and proteostasis malfunction contribute to 

X-ALD pathology, more concretely, to the axonal degeneration (Fourcade et al., 2015). 

Moreover, in the underlying mechanisms of onset and damage involved in oxidative stress and 

inflammation, mitochondrial ROS play an essential role. Due to an increase in VLCFA levels, 

production of mitochondrial ROS is increased giving rise to redox imbalance (Yu et al., 2022). 

In more detail, in a recent study of Launay et al (2024) highlighted the importance of 

mitochondria and their dynamics in the pathology of X-ALD (Launay et al., 2024). Knowing 

this, we could assume that integration of healthy mitochondria into X-ALD hDPSCs could be 

beneficious to X-ALD cells’ phenotype. Nevertheless, according to conducted experiments, we 

did not perform any mitochondrial analysis based on their function and further research will 

shed light on the matter. Despite the limitations of our work, these results bring relevant 
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knowledge about the cell-to-cell communication between hBMSCs and X-ALD cells. We are 

conscious that results exposed in this dissertation are only specific to these donor cells and they 

must not be taken in account as general rule. Increasing number of cell samples will bring more 

precise data to analyse in depth the direct effects of hBMSCs on in vitro models of X-ALD. 

 

The restoration of function lost as a result of damage by replacing dead cells with new 

healthy cells is one of most studied mechanisms of hBMSCs. This fact, known as cell 

replacement therapy, allows a therapeutic effect directly mediated by cell migration and 

differentiation. If we address the core of the issue, evidences of cell replacement are reported 

in terms of neurological involvement. An example of this fact was the study described by Chen 

et al (2008) in which used an experimental animal model of cerebral stroke treated with 

hBMSCs. Transplanted cells migrated to the lesion site and some of them expressed specific 

markers of astrocytes and oligodendrocytes (Chen et al., 2008). Nevertheless, the extent of 

direct cellular replacement, as the substitution of lost or damaged neurons, remains limited. 

This limitation highlights the need for further research to optimize protocols for enhancing the 

efficiency and functional integration of these cells into the damaged neural circuits. Most of 

the therapeutic benefits observed in hBMSCs-based studies appear to be linked to indirect 

mechanisms, such as the secretion of neurotrophic and anti-inflammatory factors. These 

secretions help to create a neuroprotective environment, reducing inflammation and promoting 

neuronal survival, rather than achieving full cellular replacement. Thus, while hBMSCs hold 

promise for neurodegenerative disease treatment, their role may be more supportive than 

directly regenerative, with future research necessary to unlock their fully potential in cell 

replacement therapies. 

 

 

- Cell-free therapy: paracrine mediators as promising therapeutic agents. 

 

As mentioned previously, hBMSCs exert their beneficial properties mainly through 

paracrine effects including secretion of trophic and anti-inflammatory factors. These secreted 

bioactive factors can be found in supernatants of in vitro cultures. More concretely, if hBMSCs 

are cultured in serum-depletion conditions in vitro, the resulting supernatant, known as CM, is 

full enriched of these beneficious components. A key component of paracrine signalling of 

hBMSCs is found in CM and are the EVs, which are rich in proteins, lipids and nucleic acids. 

EVs contribute to cellular communication and tissue regeneration. Notably, these EVs carry 

many of the beneficial effects traditionally attributed to the cells themselves, offering a 

promising avenue for cell-free therapy. By harnessing the regenerative properties of hBMSCs-
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derived EVs, we can potentially achieve therapeutic outcomes without the complexities 

associated with direct cell transplantation. 

 

In this dissertation, we have focused our attention to the significant and mostly studied 

paracrine effect of hBMSCs. In parallel to direct co-cultures, we performed indirect co-cultures 

to analyse their effect on the in vitro developed X-ALD model. To achieve this, we first 

confirmed the presence of EVs in the CM derived of hBMSCs. These EVs varied in sized and 

expressed general markers of Exos: CD63 and Hsp70. Their lack of expression of calnexin, 

specific of whole-cell lysates determined the specificity for EVs. Confirming the existence of 

these EVs in CM, we went on to specific experiments using these CM-containing EVs in order 

to achieve an indirect rescue of phenotype. In regard to ALDP expression, CM-containing EVs 

did not induce any change in X-ALD hDPSCs in terms of number and distribution of healthy 

ALDP+ peroxisomes. Nonetheless, a plausible integration of healthy peroxisomes through EVs 

coming from hBMSCs might be occurring, but based on conducted experiments, we could not 

confirm this fact. Experiments using lentiviral constructs which label peroxisomes of hBMSCs 

may elucidate more knowledge at this issue and, consequently, confirm or reject this proposed 

hypothesis. Despite not evidenced apparently changes in the protein responsible of the disease, 

we sought to analyse the effect of CM in the neutral lipid accumulation. Surprisingly, three 

days after the addition of CM-containing EVs, X-ALD hDPSCs rescued an apparent healthy 

phenotype drastically reducing the aberrant neutral lipid accumulation in their cytoplasm. This 

fact was in line with previous investigations using CM-containing EVs in different animal 

models in the context of hepatic pathology (Yang et al., 2021) and spinal cord injury (SCI) 

(Guo et al., 2016). In our case, despite not having any confirmation of changes in peroxisome 

function, components of CM induce changes in lipid metabolism facilitating their elimination. 

 

 To study other impacts of CM-containing EVs on these studied cells, we conducted 

experiments related to X-ALD aspects. Since we previously reported cytotoxic effect of C26:0 

only in X-ALD hDPSCs, we wanted to know if with the presence of CM-containing EVs could 

rescue related aspects of cytotoxicity to basal levels. Unexpectedly, when we added CM-

containing EVs to cell media-containing C26:0, X-ALD hDPSCs normalized their cell growth 

and viability. However, the mechanisms by which these components rescue an apparent healthy 

phenotype remain obscure. Similar results were reported when stressed X-ALD hDPSCs were 

incubated with CM-containing EVs. Three days after the induction of oxidative stress, only the 

group of X-ALD hDPSCs that were incubated with CM-containing EVs survived, notably 

reducing the cell percentage of apoptotic population. Although involved mechanisms to 

achieve this were not deeply studied, several possible explanations might elucidate 

mechanisms involved in this protective effect. On one hand, among all components found in 
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CM-containing EVs, anti-oxidant proteins may have a critical role in inducing cell survivance 

as other authors demonstrated (Saleem et al., 2021). On the other hand, other research 

highlighted that components of CM activate PI3k/Akt pathway, which plays an important 

regulatory role in cell apoptosis, cell proliferation, angiogenesis, and other cellular processes 

and functions (Huang et al., 2021). Additionally, in relationship to aspects that were analysed 

by direct contact of cells, we also examined the presumable indirect transference of organelle 

or components from them. In this case, we obtained CM-containing EVs from hBMSCs-

mitoRed to distinguish the exogenous material. When X-ALD hDPSCs were incubated with 

this specific labelled-mitochondria CM during three days, we noticed presence of RFP in their 

cytoplasm indicating some type of indirect transference of mitochondria. However, we could 

not confirm any functional improvement of the cells which showed mitochondrial components 

in comparison to those without them. Although we did not study mechanisms involved in this 

transference, the presence of mitochondrial components in EVs, and more concretely in 

exosomes, has been demonstrated in last years (Di Mambro et al., 2023; Liang et al., 2023). 

One aspect to be discussed about these specific experiments is the fact that RFP mitochondrial 

components did not show immunoreactivity to specific antibody used for human mitochondria. 

One possible explanation could be mitochondria portions found in EVs do not react with 

specific region of designed antibody due to a lack of recognized epitope. 

 

The results obtained regarding the use of CM-containing EVs from hBMSCs are 

promising and align with the primary therapeutic mechanism of action of these cells: their 

paracrine effect. However, when working with CM-containing EVs, it is essential to recognize 

that it behaves like a “black box” and its components can vary significantly depending on the 

in vitro conditions or the nature of cells. For instance, factors such as cell culture conditions, 

passage number, oxygen levels and presence of serum or other supplements can all influence 

the composition of the CM. Moreover, donor variability and the inherent heterogeneity of 

hMSCs add further complexity. For these reasons, we have attempted to obtain CM in the most 

reproducible manner possible. Nevertheless, we are aware that despite demonstrating the 

presence of EVs in this CM, other components such as miRNA, proteins (growth factors, 

cytokines, enzymes…) and lipids have not been thoroughly analysed. Additionally, it is 

important to consider the possibility that the composition of CM may have changed due to 

factors beyond our control, such subtle shifts in culture media composition, contamination with 

exogenous proteins or unnoticed cell stress during handling. 
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This image is property of Claudia Pérez García. Immunofluorescence of human dental pulp stem cells against 
Neuropilin-1 and ACE-2. Image acquisition: Leica SPEII confocal microscope. 
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Tomando como base los objetivos formulados para esta Tesis Doctoral, las 

conclusiones de la presente disertación son las siguientes: 

 

 

1. Las hDPSCs son una fuente viable para el estudio de la migración celular. Las 

hDPSCs, como células progenitoras neurales, presentan capacidad de migración 

celular asociada a procesos de reparación. En hDPSCs migratorias, la expresión de 

ACE2 se encuentra regulada diferencialmente en comparación con las basales 

estáticas. Las hDPSCs migratorias muestran una elevada expression de ACE2, con 

una polarización hacia la membrana celular, lo que evidencia el papel crucial de 

ACE2 en la migración celular y su posible contribución a la facilitación del 

suministro de oxígeno durante el movimiento. 

 

2. Las hDPSCs del paciente con X-ALD muestran fenotipo específico de la 

enfermedad. Estas células presentan una acumulación aberrante de lípidos neutros 

en su citoplasma y una alta sensibilidad a la citotoxicidad del C26:0, lo que afecta 

a su crecimiento y viabilidad celular normal. Estas alteraciones no se observan en 

células sanas, lo que determina características específicas relacionadas con la 

patología en las hDPSCs de X-ALD. 

 
3. Las células diferenciadas con fenotipo neural en X-ALD también presentan 

acumulación aberrante de lípidos neutros en sus somas. Esto indica que el fenotipo 

patológico persiste incluso tras la diferenciación. Además, se observan alteraciones 

en los canales de sodio, exclusivamente en las células diferenciadas con X-ALD, 

caracterizadas por una menor amplitud y una cinética más lenta en comparación 

con las células diferenciadas sanas. 

 
4. Las hBMSCs ejercen funciones terapéuticas cuando se co-cultivan con las hDPSCs 

de X-ALD. A través del establecimiento de unions tipo gap y la formación de 

nanotúbulos, las hBMSCs transfieren peroxisomas y mitocondrias sanas 

endógenas a las hDPSCs de X-ALD, lo que podría facilitar una correción cruzada 

de las células afectadas. Además, las hBMSCs restaurant un fenotipo sano en las 

células diferenciadas con fenotipo neural de X-ALD, aumentando su amplitud y 

reduciendo su latencia hasta el pico en los canales de sodio. 

Conclusiones 
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5. El CM derivado de hBMSCs contiene EVs de distintos tamaños que expresan 

marcadores generales de exosomas como CD63 y Hsp70. Estas EVs presents en el 

CM muestran beneficios terapéuticos evidentes en las hDPSCs de X-ALD. A 

través de mecanismos mediados por señalización paracrina, las EVs del CM de 

hBMSCs restauran significativamente un fenotipo sano al mitigar defectos 

patológicos y proporcionar indirectamente componentes mitocondriales 

saludables. Este CM reduce la acumulación aberrante de lípidos neutros y protege 

a las hDPSCs de X-ALD del daño por estrés oxidativo y de la toxicidad inducida 

por altas concentraciones de C26:0, promoviendo su supervivencia y un 

crecimiento celular normal. 
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Based on the aims established for this Doctoral Thesis, the conclusions of the present 

dissertation can be formulated as follows: 

 

 
1. hDPSCs are a feasible source to study cell migration. hDPSCs, as NCP, display healing 

cell migration abilities. ACE2 expression is differentially regulated in migrating 

hDPSCs compared to basal static hDPSCs. Migrating hDPSCs show high expression 

of ACE2 and polarized to cellular membrane of the leading pole, evidencing the critical 

role of ACE2 in cell migration potentially facilitating oxygen supply during movement.  

 
 

2. X-ALD hDPSCs exhibit specific X-ALD hallmarks evidencing aberrant neutral lipid 

accumulation in their cytoplasm and being highy sensible to C26:0 cytotoxicity 

affecting their normal cell growth and viability. These alterations are not observed in 

healthy cells, determining specific disease-related characteristics in X-ALD hDPSCs. 

 
 

3. Differentiated X-ALD neural-like cells also show aberrant neutral lipid accumulation 

in their cellular bodies indicating that the phenotype persists even in differentiated 

cells. Furthermore, alterations in sodium channels are also present exclusively in 

differentiated X-ALD cells with lower peak of amplitude and slower kinetics than 

healthy differentiated cells. 

 

4. hBMSCs exert therapeutic functions when are directly co-culture with X-ALD 

hDPSCs. Through the establishment of GJ and TNT formation, hBMSCs donate 

endogenous healthy peroxisomes and mitochondria to X-ALD hDPSCs, promoting a 

possible cross-correction of diseased cells. Moreover, hBMSCs rescue a healthy 

phenotype in differentiated X-ALD neural-like cells by increasing their peak of 

amplitude and reducing their time-to-peak in sodium channels. 

 
 

5. CM from hBMSCs contains EVs of different sizes that express general markers of 

Exos: CD63 and Hsp70. This CM-containing EVs shows evident therapeutic benefits 

in X-ALD hDPSCs. Through paracrine mediated mechanisms, CM-containing EVs 

from hBMSCs significantly rescues a healthy phenotype by mitigating pathologic 

defects and by indirect donation of healthy mitochondrial components. These CM 

Conclusions 
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reduce altered neutral lipid accumulation and protect stressed X-ALD hDPSCs from 

oxidative stress damage and from high concentrations of C26:0, enhancing their 

survival and normal cell growth. 
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This image is property of Claudia Pérez García. Immunofluorescence of human dental pulp stem cells against 
Nestin. Image acquisition: Leica SPEII confocal microscope. 
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This image is property of Claudia Pérez García. Immunofluorescence of direct co-cultures of human dental pulp 
and bone marrow stem cells against GFP, RFP and ALDP. Image acquisition: Leica SPEII confocal microscope. 
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