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Preface

Amyloid protein aggregates are involved in a number of “protein-misfolding diseases” of
enormous social and economic impact for which there are still no effective therapies or strat‐
egies for their prevention or inhibition available. There is a heterogeneous group of amyloi‐
dogenic proteins associated with amyloid pathologies including amyloid-beta (Aβ) peptide
linked to the most common type of dementia, Alzheimer’s disease (AD); prion protein (PrP)
related to spongiform encephalopathies; islet amyloid polypeptide (IAPP) connected to dia‐
betes type II; transthyretin (TTR) linked to familial amyloidotic polyneuropathy (FAP) that
often affects liver, nerves, heart, and kidneys; serum amyloid A protein (SAA) associated
with AA amyloidosis that mostly affects kidneys; immunoglobulin light-chain (AL) amyloi‐
dosis that affects heart, kidneys, skin, nerves, and liver; and dialysis-related amyloidosis
that develops when serum proteins in the blood (β2-microglobulin) are deposited in the
joints and tendons.

One of the most recent biophysical definitions describes amyloids as elongated unbranched
fibrils comprising a repeating intermolecular β-sheet motifs positioned perpendicular to the
fibril axis. The resulting insoluble fibrillar structure is a highly ordered cross-beta structure
that in the majority of the cases seems to be helically twisted. Amyloid-related diseases or
amyloidosis are characterized by extracellular deposition of misfolded proteins in different
organs, forming insoluble amyloid aggregates. Most of these protein aggregates lose their
normal function and lead to cell damage, disruption of the tissue architecture, and organ
dysfunction and death. Even though amyloid fibers have been extensively studied, current
insights implicate prefibrillar intermediates rather than mature amyloid fibers in causing
cell death.

Several events may trigger amyloid formation, such as protein mutations, unusual enzymat‐
ic cleavage patterns, and posttranslational modifications. However, not all amyloid fibers
play a detrimental role in the host. An increasing number of studies show how amyloids
also play an important role as beneficial (nontoxic) amyloid fibers termed “functional amy‐
loids” (FAs). FAs are related to the formation of buds of insects, spider silk, coating fungal
hyphae, bacterial host adhesion, bacterial biofilm formation, melanin synthesis, and human
hemostatic system, whose molecular and functional mechanisms still remain undiscovered.
Evidently, functional amylogenesis mechanisms require a strong regulation to avoid toxici‐
ty. In addition, I would like to highlight two recent studies. The first very interesting one by
Camilla Betti (May 2016) describes the potential biotechnological application of induced tar‐
get aggregation, a method based on expression of specific aggregation-prone peptides de‐
rived from the targeted proteins, as a very useful tool to knockdown protein functions in
plants to produce favorable features in crops. The second study by Rubén Hervás et al. (Jan
2016) demonstrates that a functional amyloid (RNA-binding protein Orb2 of Drosophila )



shares a wide group of features with toxic amyloids, including conversion to a structurally
characteristic insoluble fibrous deposits via toxic oligomeric intermediates, which can be se‐
questered in vivo in hetero-oligomers by pathological amyloids. Furthermore, the toxic in‐
termediates of this protein are extremely transient, corroborating the above-mentioned
requirement for the strict regulation of the kinetic parameters during the amyloid formation
process to differentiate this functional amyloid from pathological amyloids.

This book opens an exciting door to provide the latest information about the function and
the mechanisms of the amyloid formation process from the structural, biophysical, biomedi‐
cal, and nanotechnological perspective, combining the new findings on toxic and functional
amyloids studies using the new technological advances in electron microscopy (EM), atomic
force microscopy (AFM), and positron emission tomography (PET) among others, to fight
against amyloid-based diseases.

When I was reviewing all the chapters, I decided to start the book with a clear and general
perspective on amyloids. Chapter 1 by Isabel Cardoso, Luis Miguel Santos, and Mobina Ale‐
mi is written in a very accessible, comprehensive, and educational way that fulfills all the
requirements for an introductory chapter. This chapter describes Alzheimer’s disease (AD)
as a form of localized amyloidosis that affects the central nervous system focusing on the
neuroprotective role of transthyretin (TTR) and its amyloidogenic role in Familial Amyloid
Polyneuropathy (FAP).

The next chapters deal with the progress in technique used to obtain structural and kinetic
information on amyloid fibrils. Chapter 2 by Dmitry Kurouski aims to demonstrate the ap‐
plicability of electron microscopy (EM) including transmission electron microscopy (TEM),
scanning transmission electron microscopy (STEM), scanning electron microscopy (SEM),
and cryo-SEM, and also atomic force microscopy (AFM) and vibrational circular dichroism
(VCD) to advance the understanding of supramolecular architecture and the organization of
amyloid fibrils and fibril polymorphism. Chapter 3 by Wonseok Lee, Hyungbeen Lee, Gyu‐
do Lee, and Dae Sung Yoon describes the advances on alternative techniques, such as AFM
and its extensions (dynamic liquid AFM; PeakForce quantitative nanomechanical mapping
(QNM) and Kelvin probe force microscopy (KFPM)), as excellent methodologies to deter‐
mine the biophysical properties of amyloid fibrils and the possible perspectives and future
directions for the characterization of amyloid fibrils. Positron emission tomography (PET)
imaging is an interesting technique for in vivo experiments. Chapter 4 by Hideo Tsukada
describes PET as an excellent technique for the diagnosis of Alzheimer’s disease using 18F-
BCPP-EF—a novel PET probe for mitochondrial complex I (MC-I) activity—which could
discriminate the neuronal-damaged areas with neuroinflammation, in young and aged mon‐
keys demonstrating the normal aging effects on MC-I activity in the brain.

I consider crucial for the current research the combination of theoretical and experimental
approaches to develop any scientific area. This methodology is described in Chapter 5 writ‐
ten by Oxana V. Galzitskaya, Nikita V. Dovidchenko, and Olga M. Selivanova who use theo‐
retical and experimental approaches to describe possible kinetic models to elucidate the key
features of amyloid nucleation and growth. Concretely, this chapter reviews the common
features of the amyloid formation process by several proteins which have their own specific
fibrillogenesis route determined by their amino acid sequence protein and strongly depend‐
ent on environmental conditions and seed addition.
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As mentioned above, one of the possible triggers to induce amyloid aggregation is the post‐
translational modifications (PTMs) that affect protein structure and function. Chapter 6 by
Clara Iannuzzi, Gaetano Irace, and Ivana Sirangelo is focused on one of the more frequent
PTMs, protein glycation, and its determinant role on amyloid aggregation process and its
implication on cellular cytotoxicity.

Currently, there are ample evidence that associate the inflammatory response to many neu‐
rodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, and multiple
sclerosis. Chapter 7 by Ruth Kandel, Mitchell R. White, and Kevan L. Hartshorn shows how
chronic inflammation in the brain is fundamental to AD pathogenesis which is precipitated
through accumulation of amyloid-beta (Aβ) peptides. They suggest that the discovery of the
neuroinflammation stimulus for Aβ production would allow early intervention to prevent
development of AD.

The majority of the studies includes serious health connotations on amyloids due to clear
relation with human pathologies but beyond of amyloid toxicity; each day the studies on
amyloid functionality are getting force being “functional amyloids” a term well established.
Chapter 8 by Magda de Eguileor, Rossana Girardello, Annalisa Grimaldi, Laura Pulze, and
Gianluca Tettamanti describes “amyloidogenesis” as a widely distributed process in differ‐
ent cell types of evolutionary distant organisms that it has been integrated into additional
physiological functions such as the reparation of body lesion.

The most prevalent amyloid pathologies are related to neurodegenerative diseases as Alz‐
heimer’s disease and Parkinson’s disease, among others, but there are many amyloidoses
which affect other organs: liver, nerves, heart, kidneys, joints, and tendons. Chapter 9 by
Tadashi Nakamura is focused on “amyloid A (AA) amyloidosis”, a complication of long-
standing inflammatory diseases such as rheumatoid arthritis (RA). He also describes the
new developments on its treatment, being currently under investigation, the novel therapies
oriented to AA fibril formation and immunotherapy. These therapies will lead to improved
prognosis in the near future. Another relevant amyloidogenic pathology is the “diabetes
type II”. Chapter 10 by Joel Montane and Anna Novials describes the capability of human
islet amyloid polypeptide (hIAPP) to induce endoplasmic reticulum (ER) stress, resulting in
an inflammatory processes and eventually apoptosis. Light-chain (AL) amyloidosis is the
most common form of systemic amyloidosis (nonlocalized), affecting a wide range of or‐
gans, most commonly the kidneys. Chapter 11 by James J. Driscoll and Saulius Girnius
shows the treatment advances and the novel therapeutic strategies against “AL amyloido‐
sis” mainly focused on the development of proteasome inhibitors. Another frequent system‐
ic amyloidosis or nonlocalized amyloidosis is the “amyloid nephropathy”. Chapter 12 by
Paisit Paueksakon discusses practical diagnostic approach and pathogenesis of amyloid
nephropathy including discussion of treatment and prognosis. It also reviews several inter‐
esting techniques in typing of this amyloidosis as immunofluorescence, immunohistochem‐
istry, and more recently laser microdissection and mass spectrometry.

From the new nanotechnology point of view, the amyloids are very interesting structures
for nano-bio-technological applications, being this technology in turn very useful to obtain
new insights on amyloidosis. Chapter 13 by Adriaan Verhelle and Jan Gettemans proposes
the use of nanobodies (the heavy chain of heavy-chain antibodies) as possible inhibitors on
the formation of the pathogenic gelsolin isoforms.
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Finally, I would like to thank all authors for their significant contributions to the 13 chapters
of this book and I greatly appreciate their work performed to orient this book not only to the
experts in the field but also to those scientists, students and readers who, without any previ‐
ous knowledge on the subject and in an easy way can get a general up-to-date overview on
amyloids. I also thank InTech editorial team, especially Ms. Iva Simcic, for her efficient and
professional help given to me. All of you have made my assignment as book editor enor‐
mously pleasant and educational as well. I am very grateful to Dr. J.C. Jiménez-López for
suggesting me to be editor of this book. My warm thanks to my colleagues Joost Schymko‐
witz and Frederic Rousseau, well-known experts on amyloids, for reading this preface.

Ana-María Fernández-Escamilla, PhD
Environmental Protection Department,

Estación Experimental del Zaidín (EEZ),
Spanish National Research Council (CSIC),

Granada, Spain
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Chapter 1

Modulating Role of TTR in Aβ Toxicity, from Health to
Disease

Isabel Cardoso, Luis Miguel Santos and
Mobina Alemi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63194

Abstract

Amyloidosis  is  a  generic  term that  refers  to a  wide spectrum of  diseases that  are
characterized  by  the  deposition  of  proteins  in  different  organs,  forming  insoluble
aggregates.  Examples  include  islet  amyloid  polypeptide  (IAPP)  associated  with
diabetes type 2, prion protein (PrP) related with spongiform encephalopathies, (TTR)
associated with familial amyloidotic polyneuropathy (FAP), and amyloid-beta (Aβ)
peptide linked to Alzheimer’s disease (AD), the most common form of dementia. Aβ
peptide, thought to be the causative agent in AD, is generated upon sequential cleavage
of  the amyloid precursor  protein (APP),  by beta-  and gamma-secretases,  and it  is
believed  that  an  imbalance  between  Aβ  production  and  clearance  results  in  its
accumulation in the brain. TTR is a 55 kDa homotetrameric protein synthesized by the
liver  and choroid plexus  of  the  brain  and is  involved in  the  transport  of  thyroid
hormones and retinol. TTR protects against Aβ toxicity by binding the peptide, thus
inhibiting its aggregation. Also, increased Aβ levels are found in both brain and plasma
of AD mice with only one copy of the TTR gene, when compared to animals with two
copies of the gene, suggesting a role for TTR in Aβ clearance. Growing evidence also
suggests a wider role for TTR in central nervous system neuroprotection, including in
the cases of ischemia, regeneration, and memory.

Keywords: Alzheimer’s disease (AD), Aβ peptide, transthyretin (TTR), neuroprotec‐
tion, blood–brain barrier (BBB)

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



1. Amyloidosis

1.1. Amyloidosis definition

Amyloidosis has long been used as a general term referring to a wide spectrum of protein-
misfolding diseases  [1],  which are  characterized by the extracellular  deposition of  those
proteins in different organs, consequently forming insoluble aggregates called amyloid, a term
popularized  by  Virchow in  1854  [2].  According  to  the  Nomenclature  Committee  of  the
International Society of Amyloidosis (ISA), 31 identified proteins form extracellular amyloid
fibrils  in  humans  [3].  Amyloid  fibrils  are  characterized  by  certain  tinctorial  properties,
independently of the precursor protein forming the deposits, that for a long time were the only
diagnosis  available.  These  include  apple-green  birefringence  under  polarized  light  after
staining with Congo red and yellow-green fluorescence after staining with thioflavin S and
thioflavin T; thioflavin T has also been shown to interact with amyloid in suspension produc‐
ing a specific fluorescent signal with a new excitation maximum at 450 nm. Ultrastructural
studies by transmission electron microscopy (TEM) revealed that the amyloid material is
fibrillary appearing as bundles of straight or coiled fibrils, non-branched, 7–10 nm wide and
variable in length; in most cases, they seem to be helically twisted. Amyloid fibrils present a
high content in β-pleated sheet as demonstrated by x-ray diffraction analysis and extensive
antiparallel β-sheet strands with their axes running perpendicularly to the axis of the growing
fibril (cross-β pattern).

Amyloid deposits are not entirely composed of the amyloid precursor protein. Several
components have been found associated with all amyloid fibrils. These include serum amyloid
P component (SAP), sulphonated glycosaminoglycans (GAGs), apoliproteins E and J, α1-
antichymiotrypsin, several basement membrane components such as fibronectin, laminin and
collagen type IV, complement proteins, and metal ions.

The extracellular deposition of fibrillary proteins leads to cell damage, organ dysfunction and
death, and thus, these proteins are associated with a unique clinical syndrome, as seen in the
case of the islet amyloid polypeptide (IAPP) associated with diabetes type 2 [4], prion protein
(PrP) associated with the spongiform encephalopathies [5], transthyretin (TTR) associated with
familial amyloidotic polyneuropathy [6] (FAP), and amyloid-beta (Aβ) peptide associated with
Alzheimer’s disease [7] (AD), among others.

Amyloid disorders are usually divided into two categories depending on the distribution of
the amyloid deposits: localized and systemic amyloidosis. In localized amyloidosis, amyloid
is restricted to a single tissue or organ, usually in the surroundings of the cells responsible for
the synthesis of the precursor protein; in systemic amyloidosis, the amyloidogenic proteins
are usually derived from circulating precursors that are either in excess, abnormal or both.
Amyloidosis can also be hereditary or non-hereditary.

This chapter will focus in AD, a form of localized amyloidosis affecting the central nervous
system, and the most common form of dementia. In particularly, we will discuss the neuro‐
protective role of TTR in AD, in addition to its amyloidogenic role in FAP, an example of
systemic amyloidosis with a special involvement of the peripheral nerve.

Exploring New Findings on Amyloidosis2



2. Overview of AD

AD was firstly described by Alois Alzheimer in 1906 and is characterized by progressive loss
of cognitive functions, ultimately leading to death [8]. This condition highly affects not only
the life of patients but also the life of their caregivers. Pathologically, the disease is character‐
ized by the presence of extraneuronal amyloid plaques consisting of aggregates of the Aβ
peptide, and neurofibrillary tangles (NFTs) which are intracellular aggregates of abnormally
hyperphosphorylated tau protein [9]. Aβ peptide is generated upon sequential cleavage of the
amyloid precursor protein (APP), by beta- and gamma-secretases, and it is believed that an
imbalance between Aβ production and clearance results in its accumulation in the brain.

2.1. From the first description to the confirmation

Alzheimer’s disease was first described in the 1907’s paper entitled “Uber eine eigenartige
Erkankung der Hirnrinde,“ by Alois Alzheimer [10], in which he reported the behavior of a
51-year-old female patient (Auguste Deter) of the insane asylum of Frankfurt am Main. The
patient presented several symptoms that caught Alzheimer’s attention, apart from the central
nervous system anatomical characteristics. Among others, time and space disorientation, rapid
loss of memory, and mood swings were the most prominent symptoms [10]. In relation to
pathological features, the observation of something that looked like “thick bundles” [10] of
fibrils, later known as senile/amyloid plaques and NFTs [11], transformed AD into a unique
condition, distinguishing it from the other neurological conditions known to date.

2.1.1. Symptoms and Diagnosis

Since 1907, clinicians have been trying their best to accurately identify AD-related symptoms
and to divide and organize these symptoms in the simplest form. Burns et al. came out in 2002
with three different categories: (1) cognitive deficits that affect memory (amnesia and agnosia),
speech (aphasia), and motor behavior; (2) psychiatric symptoms and behavioral disturbances,
including depression, anxiety, delusions, and misidentification; (3) difficulties with the daily
living activities, such as driving, using the telephone, dealing with money and, later in the
disease, all the basic needs (feeding, dressing, toileting) [12–14]. As expected in such a complex
condition, a huge symptomatic variation is found in AD patients, although a positive corre‐
lation between symptom severity and disease evolution is observed.

Although AD is seen as an elderly disease due to its higher prevalence in the older population
(approximately 5.3 million people solely in the US, in 2015) [15], it is also the most frequent
form of dementia under the age of 65, with up to 5% of all cases [16]. Of curiosity, every 67 s,
one more person is diagnosed with AD, and, by 2050, one new case of AD is expected to
develop every 33 s [15]. Due to this disease complexity, diagnosis guidelines had to be
established, and for a long time, the main criteria adopted was the one decided at the 1984
consortium, by the National Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS–ADRDA).
These criteria divided AD in three possible diagnosis scenarios, which were possible, probable,
or definite AD [17]. More recently, some minor alterations have been proposed in order to
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comprise also the stages prior to the clinical observation of symptoms [18, 19], thus prompting
three renewed stages: (1) preclinical Alzheimer’s disease; (2) mild cognitive impairment (MCI)
due to Alzheimer’s disease; and (3) dementia due to Alzheimer’s disease [20].

Despite all the attentions directed to the establishment of proper diagnostic criteria and
guidelines available, the diagnosis of AD is still not an easy task. Actually, a recent meta-
analysis showed that the sensitivity and specificity of the clinical diagnosis ranged from 53 to
99% and 55 to 99%, respectively [21]. Although alone it is considered a low value, when
combined with other characterizing techniques (as neuroimaging and biomarkers—see
Biomarkers section), it is possible to predict/diagnose AD with a high confidence.

Genetically, AD is usually divided in two forms: autosomal dominant familial AD (FAD;
predominantly of early-onset—under the age of 65) and sporadic AD (also called and usually
associated to the late-onset AD—more than 65 years) [22]. Although extensively used, it is
important to point out that this classification is far too simplistic.

Despite all of the effort put into research, the primary event triggering AD remains yet a
mystery. Nonetheless, for FAD, several mutations capable of triggering the disease have been
identified, especially in three distinct genes: the amyloid precursor protein (APP) [23], the
presenilin 1 (PSEN1), and the presenilin 2 (PSEN2) genes [24], in chromosomes 21q, 14q, and
1q, respectively. Although these three genes comprise approximately 55% of all mutations,
they are only responsible for less than 1% of all cases of AD (http://www.molgen.vib-ua.be/
ADMutations/). Contrary to FAD, sporadic AD does not exhibit autosomal-dominant inheri‐
tance but up to 60–80% of this form of AD is genetically determined [22].

2.2. The biochemical basis of AD

In spite of its multifactorial etiology, AD is characterized by two specific brain lesions, the
amyloid plaques, and the NFTs, considered the hallmarks of AD. Also, associated with these
abnormalities, it is often observed severe neural loss and reactive gliosis.

NFTs are filamentous inclusions (intracellular lesions), preferentially observed in pyramidal
neurons, which are composed of filamentous aggregates of abnormally hyperphosphorylated
microtubule-associated protein tau [25]. Even though NFTs are a hallmark of AD, they are also
observed for other neurodegenerative disorders termed tauopathies (e.g., sporadic cortico‐
basal degeneration, palsy, and Pick’s disease, progressive supranuclear palsy, Seattle family
A, parkinsonism–dementia complex of Guam, and some frontotemporal dementias) [26, 27].

As for amyloid plaques, they can be distinguished in different plaques subtypes, depending
on their composition, and being the neuritic and diffuse plaques the two major subtypes in
AD. Neuritic plaques are constituted by the 40- and 42-amino acids (aa) Aβ peptides [28] (Aβ40
and Aβ42, respectively), surrounded by dystrophic neurites (axons and dendrites), microglia
(monocyte- or macrophage-derived cells that reside in the brain), and reactive astrocytes [29].
Diffuse deposits are mainly composed of Aβ42 [28] and lack the neuritic and glial components
[29], but evolve over time with formation of discrete niduses that eventually become neuritic
amyloid plaques [30].
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2.3. Amyloid-β precursor protein and Aβ formation

The amyloid-β precursor protein (APP) is a transmembrane receptor expressed ubiquitously
in both neuronal cells and extra-neuronal tissues [31]. In humans, the APP gene is located in
the chromosome 21, explaining partially the increased risk for Down syndrome patients to
develop AD, and is composed of 18 exons [32]. Three major isoforms are expressed by
alternative splicing: APP770 (full length), APP751 (lacking exon 8), and APP695 (lacking exon
7 and exon 8) [23, 31, 33]. APP belongs to a highly conserved family of type 1 transmembrane
glycoproteins that extends also to invertebrate species, including the homologous: APL-1
(Caenorhabditis elegans), APPL (Drosophila), APLP1, and APLP2 (in mammals, besides APP)
[34], and appa and appb (zebrafish) [35]. Following translation, APP is trafficked through the
endoplasmic reticulum (ER), Golgi and trans-Golgi network (TGN), where it suffers specific
endoproteolytic cleavages [33] that will originate several APP metabolites, among them the
Aβ peptide. After reaching the membrane surface, APP can still undergo clathrin-mediated
endocytosis and then be recycled to the surface again [36], during which Aβ can also be
produced [37].

The 4 kDa Aβ peptide was first isolated and sequenced by Glenner and Wong, in 1984 [7] and
can be found in the plasma and cerebrospinal fluid (CSF) of healthy humans and other
mammals [38]. It was described as a 24 aa peptide but later, sequencing analysis revealed that
the peptide could actually comprise 36–43 aa [39], being the two major species Aβ40 and Aβ42.
In healthy individuals, these two forms make up about 90 and 10%, respectively, of the Aβ
peptides that are normally produced by brain cells [40]. Despite the small difference in size
and sequence of the various isoforms, they differ greatly in properties; for example, Aβ42 is
more hydrophobic, thus, more prone to aggregation (compared to the less hydrophobic Aβ40).
In fact, it readily aggregates in vitro, being considered the more amyloidogenic and hence
pathogenic species [41].

2.3.1. Towards amyloid or not?

APP processing can originate different metabolites that bear very different physiological
functions, depending on the proteolysis pathway adopted: the amyloidogenic or non-
amyloidogenic pathway (Figure 1). In the non-amyloidogenic pathway, APP is firstly cleaved
by the α-secretase, a zinc metalloproteinase of the ADAM family [42], followed by the action
of γ-secretase. The latter is a high molecular weight complex of four proteins: presenilin 1 or
2 (PSEN1, PSEN2), nicastrin (NCT) [43, 44], anterior pharynx-defective 1 (APH1), and prese‐
nilin enhancer 2 (PEN2) [45]. The cleavage by the α-secretase (at Lys687 of APP770) [46], within
the Aβ domain, abrogates the production of Aβ, resulting in the release of a large soluble
ectodomain of APP (sAPPα, ~100 kDa), leaving behind a 83-residue carboxi-terminal fragment
(CTFα, of ~10 kDa) [47]. Then, γ-secretase cuts the CTFα, liberating the extracellular p3 peptide
and the 50 aa APP intracellular domain (AICD, of ~6 kDa) [48].

On the other hand, as suggested by its name, the amyloidogenic pathway gives rise to the
amyloidogenic Aβ peptide, and similar to the previous pathway, it consists of two sequential
cleavages, first by the β-secretase (beta-site APP–cleaving enzyme 1–BACE-1), and then by γ-
secretase. The first protease cleaves APP at Met671 [49], releasing the large soluble ectodomain
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sAPPβ [33]. The remaining 99 aa CTFβ (of ~12 kDa) [50] is then cleaved by the γ-secretase, in
the membrane, and originates, as said above, the Aβ peptide and the AICD [48]. This process
generates different Aβ species, with variable hydrophobic C-termini (related to the γ-secretase
cleaving site), that present different propensity to oligomerize [51] and, consequently, to form
the amyloid plaques. Noteworthy, AD-linked mutations in the PSEN1 and PSEN2 proteins,
particularly important in the case of FAD, influence γ-secretase-mediated processing of APP,
and selectively enhance Aβ42 production compared to Aβ40 [52].

Figure 1. The amyloidogenic and non-amyloidogenic pathways of APP. In the non-amyloidogenic pathway, APP is
cleaved by the α-secretase releasing the sAPPα neuroprotective N-terminal fragment, which contains part of the Aβ
sequence. The 83 aa APP fragment (C83) then suffers the action of the γ-secretase, liberating the p3 peptide and the
AICD fragment. The amyloidogenic pathway involves the sequential cleavage of APP by the β-secretase which releas‐
es the soluble ectodomain sAPPβ. The remaining C99 fragment of APP is then cleaved by the γ-secretase, resulting in
the formation of the Aβ peptide. Due to its high propensity to aggregate, Aβ peptide oligomerizes, accumulates and
forms amyloid senile plaques, in turn leading to the described alterations of AD. Current therapeutic approaches in
AD include: (1) inhibition of β- and γ-secretases, (2) improving Aβ clearance, and (3) amelioration of inflammation and
synaptic dysregulation.

Although tightly related to AD onset, APP processing is a normal metabolic event and Aβ is
a normal product of cellular metabolism throughout life, circulating as a soluble peptide in
biological fluids [53]. Plus, Aβ deposition can also be found, together with NFTs, in the brain
of non-demented elderly people [54].

2.4. Alzheimer’s disease hypotheses

AD is one of the human diseases with the highest number of hypothesis formulated trying to
explain its pathogenesis, with very different and plausible molecular mechanism to back them
up. Within the list, the amyloid cascade hypothesis stands out, together with the so-called “tau
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and tangle” hypothesis, strengthened by the fact that they are based in the two hallmarks of
AD.

2.4.1. Amyloid cascade hypothesis

Since its formalization, in 1992 by Hardy and Higgins, the amyloid cascade hypothesis has
had a prominent role in explaining the etiology and pathogenesis of AD. They suggested that
amyloid deposition was the primary influence driving AD pathogenesis [55], due to two key
observations: the detection of Aβ as the main constituent of amyloid plaques, and the discovery
of mutations in the APP, PSEN1 and PSEN2 genes associated with FAD [56]. This hypothesis
stated that a dysregulation in APP processing or Aβ clearance would provoke an increase in
the Aβ42/Aβ40 ratio, which would promote aggregation, accumulation, and plaque formation.
In turn, this would be responsible for the subsequent pathology (including tau aggregation,
phosphorylation, neuronal attrition, and clinical dementia) [57]. Due to its inability to entirely
explain AD pathogenesis, especially by the lack of correlation between plaque burden and
clinical manifestations [58], this hypothesis has been upgraded over the past few years.
Scientists started to divert their attention from the effects of the amyloid deposits, to study the
other forms (monomers, oligomers, and protofibrils—usually shorter and thinner then mature
fibrils) [59] of Aβ peptide-induced neurotoxicity. Some studies suggest that Aβ toxicity
functions in a plaque-independent manner, indicating that oligomeric intermediates present
higher toxicity to the cells [60] and that activation of signaling pathways due to intraneuronal
accumulation of Aβ oligomers is responsible for tau hyperphosphorylation and subsequent
deposition [61]. Several explanations have been proposed, with some defending that oligo‐
meric toxicity is related to a greater capacity for diffusion and a larger collective surface area
for interacting with neuronal and glial cells [60], while other proposed that it is not related to
a specific prefibrillar aggregate (dimer, trimer, and so on) but rather to the propensity that each
species has to grow and undergo fibril formation [62].

A more consensual vision about Aβ is that it possesses a dual role: On one hand, it can be a
neurotrophic agent or a neuroprotector against excitotoxicity (by activating the phosphatidy‐
linositol-3-kinase (PI-3K) pathway); on the other hand, an inducer of neuronal degeneration
(at high concentrations) in mature neurons [63].

Other interesting and amyloid cascade-opposite hypotheses have been proposed, stating that
Aβ should not be seen as the initiating factor for neurodegeneration in AD, but instead, its
deposition is nothing more than a protective mechanism to neuronal insult, in which Aβ binds
and removes harmful substances by blocking them in plaques [64, 65].

2.4.2. Tau hypothesis

“Tauists” defend a collection of ideas that maintain the primacy of NFTs formation as the AD-
causing event, which Mudher and Lovestone designated as the “tau and tangle hypothesis”
[57]. It started to emerge due to solid evidence that amyloid plaques do not account for the
complex pathophysiology of AD [66], opposed to the observed highly positive correlation
between NFTs and cognitive deficits [67]. It argues that in AD the normal role of tau (micro‐
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tubules stabilization) is impaired and that NFTs accumulate and occupy much of the neuron,
resulting in neuronal death. This was supported by the visualization of the extracellular tangles
in the shape of neurons, abundant in the late stages of disease [57]. Also, the discovery of
mutations within the tau gene that cause fronto-temporal dementia and parkinsonism linked
to chromosome 17 (FTDP-17), demonstrating that tau dysfunction, in the absence of amyloid
pathology, was enough to cause neuronal loss and clinical dementia [68], further strengthened
this hypothesis. However, tau mutations do not originate amyloid plaques, whereas APP and
presenilin gene mutations give rise to amyloid and tau depositions, strongly evidencing that
amyloid pathology is upstream of tau pathology [57]. More recently, a more embracing tau
hypothesis was proposed, in which a series of damage signals (Aβ oligomers, oxygen-free
radicals, iron overload, cholesterol levels in neuronal rafts, low-density lipoprotein (LDL)
species and homocysteine, among other) trigger, by innate immunity, the activation of
microglial cells with the consequent release of pro-inflammatory cytokines that modify
neuronal behavior through anomalous signaling cascades, which finally, promote tau hyper‐
phosphorylation [66]. In turn, tau hyperphosphorylation will contribute to further activation
of microglial cells and stimulation of the deleterious cycle, which will lead to progressive
neuronal degeneration [66]. The degree of tau phosphorylation in the AD brain is reasonably
well correlated with the severity of AD symptoms; however, fetal tau, a much more phos‐
phorylated form of tau than adult tau, does not induce AD-like pathology [69]. In summary,
there is no direct evidence for the neurotoxicity of hyperphosphorylated tau (as in the case of
Aβ toxicity).

2.4.3. “Other” hypothesis

2.4.3.1. GSK-3 hypothesis

Glycogen synthase kinase-3 (GSK-3), a multi-tasking kinase with major roles in brain signaling,
has been recently proposed as a central player in AD pathology. This was supported by
observing that the deregulation of this protein is responsible for many of the pathological
hallmarks of the disease, in both sporadic and familial AD cases [70]. It was suggested that the
hyperactivity of GSK-3β, the most abundant of two isoforms (GSK-3α and GSK-3β) expressed
in neurons, is intimately involved with cognitive impairment [71], Aβ production [72], tau
hyperphosphorylation [73], acetylcholine synthesis [74], neuronal death [75], and neuroin‐
flammation [76] in AD. Furthermore, regarding Aβ interaction, it was observed that Aβ also
regulates GSK-3β activity [77, 78] making it difficult to establish which event is located
upstream. Thus, this hypothesis is seen as an integration and extension of the amyloid cascade
hypothesis, still conferring to Aβ a central role in AD pathology. Although GSK-3 modulation
appears to be an excellent therapeutic approach, no effective result has been observed in trials,
perhaps due to its activity in multiple targets.

2.4.3.2. Oxidative stress/mitochondrial hypothesis

The brain is especially vulnerable to free radical damage as a result of its high oxygen con‐
sumption rate, abundant fatty acids content, and the relative low levels of antioxidant enzymes
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[79]. The most appealing feature of the oxidative stress hypothesis is its slow and cumulative
damaging nature that could, over time, account for the late life onset and slowly progressive
nature of AD, and neurodegeneration in general [80]. Also supporting this hypothesis is the
suggested unbalanced levels of heavy metals in the brain, among others, iron (Fe), copper (Cu),
aluminum, and mercury, which function as catalysts for oxygen free radical generation [80].
There has been high controversy in the measurement of these elements, especially Fe, but most
studies reveal an apparent unbalance in AD brains compared to controls. In a recent study, Fe
was found significantly increased in patients with severe AD [81] (as previously reported [82]).
Nonetheless, some consider that this “accepted” elevation, even if significant in some studies
of AD pathology, does not account for brain degeneration, and so, presents itself as a mis‐
leading therapeutic target with considerable risks for patients (reviewed in [83]). As for Cu, it
has been shown to be decreased in AD brains [81], which at first goes against the oxidation
hypothesis. More recently, and also in the presence of some contradictory results [84], copper
was found to bind strongly to Aβ aggregates, inhibiting in vitro amyloid fibril formation [85].
In addition, and when bound to the aggregates, copper exhibited a redox role, by degrading
hydrogen peroxide [86]. Protein and DNA oxidation (in particular mitochondrial DNA), and
lipid peroxidation (which affects the phospholipid-rich membrane) were also found to be
increased in AD brains [80].

Another hypothesis intimately related to the brain redox status is the mitochondrial cascade
hypothesis [87]. Mitochondria are considered the cell “powerhouses”; however, when in a
non-physiological energy production, they can provoke severe damage by increasing the
reactive oxygen species (ROS). Curiously, mitochondria are the first target of ROS, suffering
DNA oxidation, which may lead to a further increase of ROS production, generating a vicious
cycle [88]. The authors of this hypothesis state that sporadic and autosomal dominant AD are
not etiologically homogeneous and that mitochondrial dysfunction works as a link for both.
Very briefly, in autosomal dominant forms, Aβ-induced mitochondrial dysfunction leads to
the other AD-characteristic histopathologies, while in sporadic AD, mitochondrial malfunc‐
tion induces the AD pathologies, including processing of APP to Aβ [89].

2.4.3.3. The cholinergic hypothesis

The cholinergic hypothesis was proposed after the observation of a decrease of choline
acetyltransferase (ChAT) in AD patients [90]. It states that the loss of cholinergic cells in the
septal nuclei and basal forebrain (described in patients with advanced AD [91]) compromises
the innervation of the cerebral cortex and related structures, which play an important role in
cognitive functions, especially memory [92]. More recent studies have suggested a bidirec‐
tional pathway linking Aβ toxicity in cholinergic dysfunction and the interaction of cholinergic
regulatory mechanisms in the processing of APP [93]. Discrediting this hypothesis, later
studies showed that the cholinergic degeneration [94] and the decrease in ChAT enzyme
activity [95] are not observable in the early stages of disease. This was accompanied by the fact
that treatment with acetylcholinesterase inhibitors does not offer long term cure, although it
has shown consistent, despite modest, benefits in symptoms improvement [96]. Nonetheless,
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some studies point out that compensatory mechanisms could overcome the cholinergic defects,
disguising its effects in early stages of AD or mild cognitive impairment [97].

2.4.3.4. Calcium hypothesis

The calcium hypothesis was first introduced by Khachaturian in 1982, stating that cellular
mechanisms which maintain the homeostasis of cytosolic Ca2+ play a key role in brain aging
and that sustained changes in Ca2+ homeostasis could provide the final common pathway for
age-associated brain changes [98], or in this case, be the proximal cause of neurodegeneration
in AD. Out of curiosity, this proposal was purely speculative at the time, only sustained on
circumstantial evidence from a handful of studies [98]. It was observed that the persistent
elevation of the levels of Ca2+ leads to the constant elimination of newly acquired memories,
due to a stimulation of long-term depression mechanisms [99]. In fact, calcium signaling
dysfunctions occur during the initial phases of the disease, and even before the development
of pronounced symptoms [100]. However, whether it is calcium dyshomeostasis that provokes
Aβ production and accumulation [101], or vice-versa [102], remains to be elucidated. Either
way, in addition to the Aβ unbalance, increased levels of Ca2+ promoted protein tau hyper‐
phosphorylation [103]. It was also suggested that amyloid oligomers induce membrane
permeabilization, leading to increased intracellular Ca2+ concentration [104]. Nevertheless,
there is some disagreement as to the mechanism by which amyloid oligomers increase
intracellular calcium.

2.5. Biomarkers and risk factor

Despite of the extensive Knowledge on the causative gene mutations responsible for familial
AD, the sporadic (non-genetic) form of this disease, which results from the diverse interactions
between genetic and environmental factors, is still lacking characterization. Thus, researchers
are continuously looking for specific molecules that should be altered exclusively in AD, and
preferentially in the asymptomatic period. This, combined with the meticulous description of
the patient risk factors, may give the opportunity for an early action and increase the success
rate of therapeutics.

2.5.1. Biomarkers

By definition, and according to the International Programme on Chemical Safety, biomarker
is “any substance, structure, or process that can be measured in the body or its products and
influence or predict the incidence of outcome or disease” [105]. The search for early AD
biomarkers has been highly targeted over the last years, as investigators believe that the
generation of an effective treatment for AD is only possible if the disease is detected at very
early stages. Thus, the discovery of biomarkers is of extreme importance for the early diagnosis
of AD and even for predicting the conversion of MCI into AD patients.

The search for solid AD biomarkers started with those who seem to be altered in this condi‐
tion when compared to normality. Several studies showed that the combination of CSF to‐
tal- and phospho-tau, and CSF and plasma Aβ42 is able to predict with increased sensitivity
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and specificity the development of AD in patients with MCI [21, 106, 107], in addition to the
already established role of the ApoE-ε4 isoform [108] (major susceptibility gene—see Sec‐
tion 2.5.2. Risk Factors). Studies in FAD-causing mutations carriers showed increased levels
of CSF total-tau and plasma Aβ42, although having reduced CSF Aβ42 levels, at least
10 years before the symptoms establishment [106]. Also, the ratio of Aβ42/Aβ40 in CSF and
plasma was found decreased, respectively, for non-demented mutation carriers [109] and
cognitively normal elders (which evolved to MCI or AD) [110]. Other CSF biomarkers, such
as BACE-1 [111] and sAPPα/β [112], are also suggested; however, independent studies were
not consistent [106], possibly due to technical difficulties in the biomarkers quantification
[113]. Our group has also proposed TTR as a biomarker in plasma, demonstrating a nega‐
tive correlation with AD severity [114], which supported prior observations for CSF levels.
In that study, the authors also considered TTR a selective biomarker for AD [115]. Other
studies contradict this idea suggesting that TTR potential as biomarker raises some doubt
since its levels appear to fluctuate substantially within a single individual over a 2-week
interval [116].

In addition to the so-called fluid biomarkers, physicians have at their disposal powerful
imaging technology. With the improvement in PET (positron emission tomography) and MRI
(magnetic resonance imaging) spectroscopy resolution, neuroimaging has been gaining
importance and increasing the confidence in AD diagnosis. Due to the possibility of using
specific tracers, such as a derivate of thioflavin T that crosses the blood–brain barrier (BBB)
and binds selectively to Aβ (C11-labeled Pittsburgh Compound B–PiB), it is possible to identify
amyloid deposition in the brain in vivo [117]. In 2004, Klunk and colleagues performed the
first study of brain amyloid imaging (BAI) using the PiB compound, in which they showed a
robust relationship between amyloid deposition and PiB retention [118]. The combination of
increased BAI signal, low CSF Aβ42, and high CSF p-tau in a subject with dementia is seen as
a “definite” diagnosis of AD. Furthermore, BAI and CSF profiles can be used to predict patients
with MCI who will progress to frank dementia with high degree of confidence [119]. Despite
the value of this compound, the resulting data should be subjected to careful analysis since
healthy subjects also present amyloid deposition, hindering the differentiation between
symptomatic AD and asymptomatic controls with amyloid plaques [120]. MRI (structural
evidence) is also a common technique often used, alone or in combination with CSF tau and
Aβ42, to predict development of AD [121]. Curiously, a recent study showed that the MRI
together with PiB-PET makes the best combination of biomarkers, thus showing the best AD
predictive value [119].

2.5.2. Risk factors

2.5.2.1. Environmental factors

As Stephen King wrote in The Gunslinger: “Time's the thief of memory,” and so, the most
worldwide accepted (and intuitive) risk factor is aging. In every species, age brings a slowing
of brain function [122], thus preventing the brain to properly respond/recover from insults.
The increasing of life expectancy, in addition to the increasing of population (attributed to the
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postwar “baby boom”), turned aging in a major risk factor. Also gender appears to play a role
in disease development, since data show that women are more prone to this disease than men.
Although women present higher life expectancy, also in younger study groups (60–80 years),
where differences in death rate are insignificant, women present higher incidence of cases
[123]. The specific mechanism is unknown; however, several factors have been proposed to
influence, such as: age-related sex hormone reduction, risks of other diseases (diabetes,
depression, cardiovascular disease), and differences in brain anatomy and metabolism [124].

The cardiovascular risk factors, which appear sometimes as a distinct group of factors, include
diabetes mellitus [125], overweight [126], hypertension [127], and high cholesterol levels [128].
Individually or in cooperation, these factors increase the predisposition for cognitive decline.
The midlife control of the above cardiovascular factors has been associated with a reduction
in white matter lesions in late life [127]. As for cholesterol, results appear to be inconsistent;
however, lipid-lowering treatments present benefits against white matter lesions [126].

Contrasting with the previous risk factors, wine consumption, coffee consumption, the use of
non-steroidal anti-inflammatory drugs (NSAIDs), and physical activity are associated with
reduced risks, thus showing some protective effects [129].

2.5.2.2. Genetic factors

ApoE exists as three isoforms ε2, ε3 and ε4, with ε3 having the highest prevalence. As Corder
and colleagues stated, in 1993, ApoE plays an important role in AD, with the risk of developing
disease increased in carriers of the ApoE-ε4 allele, such that a double dose of this allele was
nearly enough to cause AD by the age of 80 [130]. Despite the broad molecular evidence about
ApoE role in AD, its genetic variation is also present in other kinds of neurological disorders,
including Parkinson’s disease and multiple sclerosis [22]. In 2009, three novel AD genes were
identified, presenting high degree of association: CLU (clusterin or apolipoprotein J), CR1
(complement component (3b/4b) receptor 1), and PICALM (phosphatidylinositol-binding
clathrin assembly protein). Down’s syndrome (or trisomy 21) is also considered a genetic risk
factor. This condition is the result of a third copy of the chromosome 21, which coincides with
the location of the APP gene [131], giving rise to an increased accumulation of Aβ.

2.6. Drugs and treatments

Due to the complexity of AD, a vast number of targets and pathways may be chosen to
intervene. Cholinergic degradation inhibitors, immunotherapy, secretase inhibitors, anti-
inflammatory drugs, and tau- and Aβ-deposition interfering drugs (Figure 1) are but a few
examples of the many classes of drugs that are being tested at the moment.

The first drugs developed for AD, acetylcholinesterase inhibitors (AchEI), aimed at increasing
acetylcholine levels (see “Cholinergic hypothesis”). Currently, FDA has five drugs approved
for the “treatment” of AD in the initial stages: 4 AchEI (Donepezil, Rivastigmine, Galantamine,
and Tacrine) and 1 NMDA receptor antagonist (Memantine) (http://www.alzforum.org). As
referred above, they treat and ameliorate the symptoms, but do not cure.
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In 2010, Rinne and colleagues showed for the first time target engagement from a disease-
modifying drug in humans, using the monoclonal anti-Aβ antibody bapineuzumab [132,
133]. This study showed a reduction of fibrillar amyloid in the brain of AD individuals, but
did not improve cognition and stopped at phase 3 [133]. Crenezumab, another anti-Aβ, was
selected for pre-symptomatic treatment trials of Colombian mutant PSEN1 kindred [133],
however, showed extensive cross-reaction with non-Aβ related proteins [134]. Intravenous
immunoglobulins (IVIG) have also been proposed as a potential treatment, based on the
hypothesis That IVIG contain naturally occurring antibodies that specifically promote
clearance of Aβ peptides from the brain [135].

β- and γ-secretase modulators [133], Aβ and tau deposition modulators (e.g., scylloinositol
and methylene blue, respectively [39]), and molecules addressing oxidative damage (resver‐
atrol) are also potential drugs under study. Recently, deep brain stimulation (DBS) performed
by the group of Dr Lozano in AD patients showed promising results, with improvements and/
or slowing in the rate of cognitive decline [136], increased hippocampus volume and glucose
metabolism [137]. The authors propose that DBS is able to influence the structure of the brain
and that hippocampal atrophy can potentially be slowed, suggesting restorative properties to
DBS [137].

A general recommended therapy is a good diet and a healthy lifestyle, in order to control
cardiovascular risk factors, decreasing cerebrovascular events. No effective treatment has been
found, thus increasing the interest for the early diagnose of AD, to allow a more effective and
early stage intervention.

3. Blood–brain barrier and Alzheimer’s disease

The BBB is a profoundly specialized brain endothelial structure of the differentiated neuro‐
vascular system. These specialized endothelial cells interacting with astrocytes, microglia, and
pericytes, confine components of the circulating blood from neurons. Furthermore, the BBB
controls the chemical composition of the neuronal environment which is required for the
functioning of neuronal circuits, synaptic transmission, synaptic remodeling, angiogenesis,
and neurogenesis. BBB malfunction, through the disruption of the tight junctions (TJs) and
alteration of the transport of molecules between blood and brain, brain hypoperfusion, and
inflammatory responses, may begin or contribute to the process of different diseases such as
AD, Parkinson’s disease, amyotrophic lateral sclerosis, multiple sclerosis. These data support
developments of new therapeutic strategies for the neurodegenerative disorders focused at
the BBB [138].

3.1. The blood–brain barrier: the earliest findings

In 1885, when scientist Paul Ehrlich injected trypan blue dye into the bloodstream of mice, he
noted that the stain colored all of the animal organs, except the brain [139]. In 1913, one of the
Ehrlich's students, Edwin Goldmann, performed a follow-up experiment by injecting the same
dye into the brain of mice. He observed that injection of trypan blue directly into the CSF
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stained all cell types in the brain but failed to penetrate into the periphery [140]. Although
aiming at finding new compounds that could attack disease-causing microbes, these experi‐
ments suggested a physical barrier between the brain and the blood, becoming the stepping
stones on BBB research. Lewandowsky was the first to use the term blood–brain barrier while
studying the limited permeation of potassium ferrocyanate into the brain [141]. However, it
took until the 1960s for the specific anatomy of the network of brain–blood vessels comprising
the BBB to be glimpsed [142]. Using electron microscopy, in 1967, Reese and Karnovsky
showed that the BBB is localized at the level of TJs between adjacent brain endothelial cells
[143, 144].

It is now known that the brain of mammals is separated from the blood by the BBB, localized
to the brain capillaries and pia-subarachnoid membranes, and by the blood-CSF barrier,
confined to the choroid plexus [145]. At the junctional complex formed by the TJs and adherens
junctions (AJs), brain endothelial cells are connected to each other [142]. Transcellular transport
at the BBB occurs through several mechanisms including passive and active transport through
different receptors and transporters. Interestingly, endothelial cells, pericytes, and astrocytes
present at the BBB also express several enzymes such as cholinesterase, aminopeptidases and
endopeptidases that alter endogenous and exogenous molecules, which can negatively
influence neuronal function. This produces a metabolic barrier which protects the central
nervous system (CNS) [146].

3.2. The neurovascular unit at the BBB; endothelial cells, pericytes, and glial cells

3.2.1. Endothelial cells and pericytes

A cerebral capillary lumen is enclosed by a single endothelial cell. Anatomically, the BBB
endothelial cells are distinguished from those at the periphery by enhanced mitochondrial
content [147], loss of fenestrations [148], least pinocytotic activity [149], and the presence of
TJs [150]. The BBB tightly sealed monolayer of endothelial cells usually prevents the free
exchange of solutes between blood and brain [151] except for the lipid-soluble molecules
smaller than 400 Da with less than nine hydrogen bonds, which can cross the BBB without any
support, via lipid-mediated diffusion [146].

As for pericytes (granular or filamentous), they are connected to the abluminal membrane of
the endothelial cells [152]. Pericytes and endothelial cells are ensheathed by the basal lamina,
composed of collagen type IV and other extracellular matrix proteins [153]. However, there is
not much known about the involvement of pericytes at the BBB, but the addition of pericytes
to co-cultures of endothelial cells and astrocytes has been shown to stabilize capillary-like
structures [154]. In conditions associated with increased BBB permeability such as hypoxia or
traumatic brain injury, pericytes have also been shown to migrate away from brain microves‐
sels [155, 156]. Moreover, pericyte-derived angiopoietin provokes expression of TJs such as
occludin in endothelial cells [157], confirming that pericytes are involved in the maintenance
of the barrier properties in the cerebral endothelium [142].

Exploring New Findings on Amyloidosis14



3.2.2. Glial cells

Astrocytes are another cell type present in the neurovascular unit. These cells are usually
located between neurons, pericytes, and capillary endothelium, and communicate with these
cells via their several foot processes [138]. It is long believed that astrocytes are crucial in the
development of the BBB properties [158]. It has been shown that co-culture of brain endothelial
cells with astrocytes can enhance TJs of the brain endothelium [159]. Furthermore, endothelial
cultures incubated with astrocyte-conditioned media have shown to improve BBB character‐
istics in vitro by de novo protein synthesis of γGTP in cerebral microvessel endothelial cells,
which indicate that the glial cells may induce the cerebral capillary endothelial cells to express
differentiated properties which allow the endothelium to function as the blood–brain barrier
[160]. Also, astrocytes have been shown to regulate cerebral microvascular permeability [161],
via dynamic calcium signaling between astrocytes and the endothelium [162]. This has been
explained by Zonta et al., whereby an increase in neuron-induced astrocyte calcium promotes
secretion of vasodilatory substances from perivascular astrocyte endfeet, resulting in im‐
proved local blood flow [163]. This work constituted a breakthrough in the knowledge of both
astrocyte function and regulation of the activity-dependent cerebral blood flow [164].

Finally, another glial cell type present in the BBB is microglia which migrates from the yolk
sac into the CNS parenchyma during embryogenesis [165]. Microglia performs critical
functions in innate and adaptive brain immune responses. Microglia, when activated, trans‐
forms from “ramified” to an "ameboid" and ultimately to a “phagocytic” form. This evolution
is correlated with alterations in expression of surface antigens and cytokines release [138].
Studies have shown that perivascular microglial cells are derived from bone marrow [166].

In vivo studies demonstrated that resident microglia cells in the brain parenchyma also
communicate with CNS microvessels. This may suggest that microglia plays an important role
in regulating BBB features during embryogenesis and diseases [167], besides an indisputable
function in CNS development and homeostasis [168]. Furthermore, it has been shown that
during embryonic stages of CNS vascularization, stabilization, and fusion of brain endothelial
cells are mediated by resident microglial cells [167]. Also, interestingly, it has been shown that
specific depletion of microglia results in reduced vessel density in a mouse model of choroidal
neo-vascularization [169]. There are studies which suggest that microglial activation may be
related to BBB disruption [170] apparently by producing ROS, through NADPH oxidase,
which in turn impairs BBB function. Furthermore, TNF-α released from activated microglia
has shown to affect BBB integrity, as permeability of endothelial cells co-cultured with
microglia, was increased when microglial cells were activated by LPS and it was blocked by a
neutralizing antibody against TNF-α, indicating that TNF-α contributes to BBB dysfunction
[171]. The post-traumatic inflammatory response is shown to be associated with expression of
cytokines such as IL-1β or metalloproteinases particularly MMP2, 3 and 5 produced mainly
by microglia at the lesion site. It has also been demonstrated that these proteins can cause
disruption of the basal lamina and/or redistribution and degradation of the TJs complexes
[172, 173] resulting in BBB breakdown and neurological disorders after traumatic injury [174].
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3.3. Junctional complexes and cytoskeleton linked proteins at the BBB

The presence of junctional complexes is one of the main characteristics of inter-endothelial
space of the cerebral microvasculature which include TJs, AJs, and possibly gap junctions. Both
TJs and AJs restrict permeability across the endothelium, whereas gap junctions (if present)
mediate intercellular communication [175].

3.3.1. Tight junction proteins

Occludin, the first integral membrane protein within the TJ family identified [176], is a 60–
65 kDa protein with four transmembrane domains which is highly expressed in the cerebral
endothelium [177, 178], whereas it is much less present in non-neural endothelial cells [179].
A construct with a deletion in the N-terminal of occludin showed a considerable effect on the
TJ integrity [180]. Deletion of occludin in mice has been shown to cause a complex phenotype
and postnatal growth retardation [181]. However, occludin functions are not limited to its role
as a TJ protein. For instance, there are studies demonstrating that occludin can regulate
epithelial cell differentiation [182] and control cell apoptosis in mouse hepatocytes [183]. Also,
it has been shown, in a mouse model of multiple sclerosis, that occludin dephosphorylation
leads to noticeable signs of disease which occur just prior to apparent changes in the BBB
permeability [184]. In cerebral ischemia, occludin and other TJs were shown to be vulnerable
to attack by matrix metalloproteinases [185].

The claudin family, 20–24 kDa proteins, includes more than 20 members that build TJ strands
through homophilic interactions [186]. Claudin 3, 5, and 12 play important roles at the BBB
[187, 188]. Each claudin regulates the diffusion of a group of molecules of a certain size. For
instance, mice neonates with deletion of claudin-5 die due to a size-selective loosening of the
BBB for molecules smaller than 800 Da [188]. It is speculated that claudins determine the
primary “seal” of the TJ and occludin functions as an additional support structure [142]. It has
been demonstrated that overexpression of claudin species can induce development of TJ-like
strands, while expression of occludin does not lead to the formation of TJ; rather, occludin only
localizes to TJ in cells that have already been transfected with claudins [189].

In addition to the claudin/occluding proteins, junctional adhesion molecules (JAMs) perform
an important role in the organization of TJ assembly as it has been reported that these proteins
can reduce cell permeability and enhance resistance to macromolecules [190]. JAM-1, a 40-kDa
member of the IgG superfamily composed of a single membrane-spanning chain with a large
extracellular domain [191], is postulated to mediate the attachment of neighboring cell
membranes via homophilic interactions [192]. However, there is not much known about JAMs
exact function in the mature BBB, but in the rat cortical cold injury model, a characterized in
vivo model of BBB breakdown it has been shown that endothelial JAM-1 is significantly
reduced which strengthens the idea that JAM-1 contributes to TJs integrity [193].

3.3.2. Adherens junction proteins

The first component of AJs is the vascular endothelial (VE)-cadherin, an endothelial-specific
integral membrane protein which is linked to the cytoskeleton via catenins [175] and mediates
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cell-cell adhesion via homophilic interactions between the extracellular domains of proteins
expressed in adjacent cells [194]. In vitro and in vivo studies have shown that VE-cadherin is
required for the cells to regulate vessel maintenance, that is, for the correct organization of the
new vessels and for the endothelial integrity in the quiescent vessels [195]. Various mecha‐
nisms have been suggested for how VE-cadherin regulates endothelial functions; such as direct
activation of signaling molecules with a role in survival and organization of the actin cytos‐
keleton and regulation of gene transcription cofactors and formation of complexes with growth
factor receptors [138].

Even though AJs are required at the BBB to decrease the endothelial permeability [196], it is
principally the TJs that present the low paracellular permeability and high electrical resistance
[142, 197].

Another component of AJs is Platelet endothelial cell adhesion molecule 1 (PECAM-1), an
integral membrane protein of the Ig superfamily with six extracellular domains, a short
transmembrane, and a large cytoplasmic domain which is highly expressed in blood and
vascular cells especially endothelial cells [198]. PECAM-1 plays a major role in the migration
of leukocytes across endothelium [138] and contributes to the steady-state barrier function of
endothelial cells. It also functions as a mechano-sensor and stimulates reconstruction of the
barrier integrity following perturbations, including the BBB [199, 200]; all physiologic proc‐
esses that rely on the junctional integrity and signaling [198].

3.3.3. Associated proteins

There are various proteins in the cytoplasm that associate with the transmembrane compo‐
nents of the TJ [142]. Multi-domain scaffolding proteins of membrane-associated guanylate
kinase-like homolog family, including zonulae occludentes (ZO) proteins, such as ZO-1 and
ZO-2, are characterized for their contributing to the cytoskeletal anchorage for the transmem‐
brane TJ proteins, binding to the claudins, occludin, and actin [201, 202] and controlling the
correct distribution of claudins [203].

ZO-1, a 220-kDa protein, is one of the first and best-studied proteins in TJs [204]. It is expressed
in epithelial and endothelial cells and even other cells which do not have TJs [205]. It has also
been observed to be associated with AJs [206] and gap junction proteins [207]. ZO-1 is located
just below the TJ membrane contact points and has been found to be important for both
function and stability of TJs. ZO-1 dissociation from the junctional complex is shown to be
correlated with increased permeability in the BBB in vitro model [208]. ZO-2, a 160-kDa protein
with a high sequence homology to ZO-1 [209], interestingly, has been demonstrated to function
redundantly with ZO-1, replacing it and promoting the formation of TJ in the cells lacking
ZO-1 [210].

Another component present in the junctional complexes is actin. Although actin has been
basically considered structural in function, it is now obvious that the anchorage of AJs and TJs
to the actin cytoskeleton is critical for both barrier stability and also for the regulation of cell
polarity, cellular movement, fluid sensing, and cell-contact inhibition [211]. Studies using mice
lacking the actin-binding protein dystrophin have demonstrated increased brain vascular
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permeability due to disorganized α-actin cytoskeleton in endothelial cells and astrocytes [212].
These findings demonstrate that properly arranged actin filaments and their binding to the TJ
and/or AJ proteins are critical for normal barrier function. Studies have also shown that HIV-1
gp120 and alcohol are able to alter the cytoskeleton and induce stress fiber actin formation,
causing increased permeability of the human BBB endothelium [213]. It has been suggested
that alcohol-mediated changes in the brain endothelial cells (BEC) monolayers may increase
diffusion of plasma components and viral penetration across the BBB, and therefore, especially
at levels attained in heavy drinkers, accelerate HIV-1 penetration into the brain [138].

3.4. Transport at the BBB

Transcellular transport at the BBB happens through several mechanisms. Small lipophilic
molecules can access the brain by passive diffusion. Brain CSF bulk flow mediates transport
of molecules with different sizes into the CSF at a slow rate [214]. For potentially toxic
molecules and metabolic waste products, the CSF works as a sink. These molecules are then
eliminated from the CSF back into the blood by active transport or facilitated diffusion across
the choroid plexus epithelium, or by vacuolar transport across the epithelial arachnoid
granulations [138]. Efflux pumps return many undesired molecules back to the blood to
regulate passive transport into the brain [215]. The flow of the plasma oxygen and carbon
dioxide across the BBB is diffusive. Therefore, oxygen supply and carbon dioxide elimination
are blood-flow dependent, so the gas transport is sufficient as long as cerebral blood flow is
within physiological limits [216].

Small polar molecules, such as glucose, amino acids and nucleosides, can pass the BBB by
carrier-mediated transport. These carriers can be multi-ligands or specific to only one mole‐
cule, such as GLUT1 glucose transporter, the L1 large neutral amino acid transporter, and the
CNT2 adenosine transporter which have been cloned from BBB-specific cDNA libraries [146].
The direction of the concentration gradient is usually from blood to brain, regulated by brain
demands and the concentration of metabolites in plasma [138]. Ion transporters such as the
sodium pump localized on the abluminal membrane are important to sustain the high-
concentration gradient for sodium at the BBB, so that sodium-dependent transport can happen.
Also, sodium–hydrogen exchanger expressed at the luminal membrane and chloride–
bicarbonate exchanger expressed at both sides [217] play significant roles in regulating
intracellular pH in the endothelium.

Moreover, large solutes, such as proteins and peptides, are transported across the BBB by
receptor-mediated or adsorption-mediated endocytic transport [218, 219]. Analysis of the rat
BBB transcriptome has shown that 10–15% of all proteins in the neurovascular unit are
transporters which emphasize the critical role of these molecules at the BBB [215, 220]. As a
consequence of this controlled transport, the concentration of amino acids and proteins can
suffer considerable variations, whereas relatively small differences exist in the concentration
of ions between blood and CSF [221].

In the BBB, the ABC transporters for efflux are permeability glycoprotein (P-gp, multidrug
resistance protein, ABCB1), the multidrug resistance-associated proteins and breast cancer
resistance protein [222, 223] whose major role is to operate as active efflux pumps, transporting
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a diverse range of lipid-soluble compounds out of the brain capillary endothelium and the
CNS, eliminating potentially neurotoxic endogenous or xenobiotic molecules [216, 224]. P-gp
is expressed at the luminal and abluminal membrane, as well as in pericytes and astrocytes
[225], and is distributed along the nuclear envelope, in caveolae, cytoplasmic vesicles, Golgi
complex, and rough ER [138]. The endothelial cells at the BBB also express several transporters
for hormones, some cytokines, and chemokines [226]. Large proteins, such as transferrin, LDL,
leptin, immunoglobulin G (IgG), insulin, and insulin-like growth factor also use receptor-
mediated transport systems to pass through the BBB [146].

Internalization of ligands and receptors from the plasma membrane is cholesterol sensitive
[227] and comprises endocytosis of caveolae, vesicles enriched in caveolin-1 [228]. The caveolar
membranes carry several receptors including those for insulin, albumin, receptor for advance
glycation endproducts (RAGE), LDL, HDL [229] and are also closely associated with P-gp.
Moreover, caveolin-1 can affect the levels of TJs in endothelial cells of the BBB [230]. Interest‐
ingly, study of the ultrastructure of the BBB in young and aged mice during ischemia has
demonstrated that permeability is associated with a remarkable increase in endothelial
caveolae and vacuoles although TJs were generally intact [231].

3.5. Aβ clearance at the BBB

Increase in either total Aβ levels or the relative concentration of both Aβ40 and Aβ42 (where
the former is more concentrated in cerebrovascular plaques and the latter in neuritic plaques)
have been implicated in the pathogenesis of both familial and sporadic AD.

There are several identified pathways for the removal of the Aβ from the brain. Aβ peptides
mainly produced in neurons are degraded by peptidases. Through efflux transporters located
in cerebral vessels, Aβ flows out from brain parenchyma into the plasma. Aβ is also removed
through perivascular pathways into the cervical lymph nodes as Aβ within ISF diffuses in the
extracellular spaces of the brain parenchyma entering basement membranes of capillaries,
passing into the tunica media of arteries, and draining out of the brain. Aβ can also be taken
up by different cells in the brain [232]. A few AD cases are familial AD, associated with genetic
mutations which promote an increase in the production of Aβ [233]. On the other hand, the
cause of the sporadic AD, the majority of the AD cases, is considered to be the impaired
clearance of Aβ from the brain [234, 235]. In this viewpoint, AD is associated with cerebro‐
vascular disorder, which drives the accumulation of Aβ at the blood vessels (cerebral amyloid
angiapothy, CAA) and in the brain parenchyma, extracellularly [138, 236], and intraneuronal
lesions—NTFs [237].

In the healthy brain, Aβ concentration is accurately regulated by its rate of production, its
enzymatic degradation [238], its rapid clearance across the BBB through LRP1 [239, 240], and
influx back into the brain by RAGE [241]. These receptors are multi-ligand cell surface receptors
that, in addition to Aβ, mediate the clearance of a large number of proteins. P-gp, belonging
to the superfamily of ATP-binding cassette (ABC) transporters, is also involved in effluxing
Aβ out of the brain. While LRP1 and P-gp appear to mediate the efflux of Aβ from the brain
to the periphery, RAGE has been strongly implicated in Aβ influx back into the CNS. With
increasing age and also in AD pathology, the expression of the Aβ efflux transporters is
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decreased and the Aβ influx transporter expression is increased at the BBB, adding to the
amyloid burden in the brain and its gradual neurotoxic oligomerization [242]. Thus, continu‐
ous Aβ elimination by transport across the BBB and/or metabolism is essential to prevent its
potentially neurotoxic accumulations in the brain [234]. Studies have demonstrated several
transport proteins such as α2-macroglobulin, TTR, apolipoprotein E (apoE), and apolipopro‐
tein J (apoJ), which bind to Aβ and control its clearance, metabolism, and aggregation [243]. It
has been shown that apoJ can increase the BBB clearance of Aβ42 [244], while apoE disrupts
the clearance of free Aβ across the mouse BBB, in an isoform-specific manner (apoE4>apoE3
or apoE2), by driving Aβ transport from LRP1 to VLDLR which internalizes Aβ-apoE complex
at a slower rate than LRP1 [245]. Another transport pathway is the bulk flow of the ISF into
the CSF through the perivascular Virchow-Robin arterial spaces, which is followed by drainage
into the plasma across the arachnoid villi [243].

3.5.1. Aβ transport by LRP1

LRP1, the major efflux transporter for Aβ across the BBB [239] and a member of the LDL
receptor family, acts as both a multifunctional scavenger and a signaling receptor. LRP1 is
synthesized as a precursor molecule (600 kDa) in the ER. Then in the Golgi network, a cleavage
generates an 85 kDa transmembrane beta-subunit (containing two intracellular NPxY motifs)
that remains non-covalently connected to the extracellular 515 kDa alpha-subunit (containing
4 ligand-binding domains for more than 30 ligands) [246].

Transcytosis of Aβ across the BBB starts with its binding to LRP1 at the abluminal side of the
cerebral endothelium [239, 240]. However, this has been controversial due to the studies that
failed to demonstrate a role for LRP-mediated transcytosis, but rather showed a role for LRP
receptors in endocytosis and degradation of Aβ [247]. Anyway, the significant function of LRP1
in AD is not only portrayed by LRP1-mediated endocytosis of Aβ but also by data showing
that the cytoplasmic domain of LRP1 has been involved in APP processing [248]. Cleavage of
the extracellular domain of LRP1 by beta-secretase (BACE1) releases soluble LRP1 (sLRP1) in
plasma [249]. Reduced expression of LRP1 has been described during aging in animal models
and in AD individuals [240, 249]. In astrocytes, LRP1 also mediates degradation of amyloid
deposits via apoE [250].

3.5.2. Aβ transport by RAGE

RAGE, a multiligand receptor in the immunoglobulin superfamily, which can bind to various
ligands including Aβ and advanced glycation end products (AGE proteins) [251], is the most
influential influx transporter for Aβ across the BBB [241]. Interestingly, and unlike many
receptors (including LRP1), RAGE expression is triggered by the accumulation of RAGE
ligands, meaning that the levels of RAGE expression are determined by the levels of its ligands.
In the healthy brain, RAGE is expressed at minimal levels at the BBB, except at the endothelium
of bigger microvessels of the brain. However, when RAGE ligands increase in the AD brain,
RAGE expression rises in the affected cerebral vessels, neurons or microglia [251]. This
mechanism worsens the cellular dysfunction due to RAGE-Aβ interactions. Circulating Aβ
can enter the brain by a special receptor-mediated transport mechanism that is dependent on
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RAGE expression on the luminal surface of brain vessels [252]. Following Aβ binding to RAGE
at the luminal membrane of the BBB, transcytosis of circulating Aβ across the BBB into the
brain parenchyma and its binding to neurons occurs. Moreover, activation of NF-kB in the
endothelial cell leads to proinflammatory cytokines secretion and cerebral blood flow sup‐
pression [241]. Aβ-RAGE interaction not only generates oxidative damage to RAGE-express‐
ing neurons, which results in neuronal degeneration, but also activates microglial cells,
indirectly leading to inflammation [251]. Therefore, repression of Aβ-RAGE interaction in the
BBB can inhibit Aβ influx, oxidant stress, and cytokine production. The inhibitors of Aβ/RAGE
interaction have been shown to improve the BBB function and the cerebral blood flow
responses to the brain activation, and to reduce neuroinflammation. Some RAGE/Aβ blockers
are currently being tested in AD patients [138]. While RAGE is involved in the influx of Aβ
into the brain, the soluble isoform of RAGE (sRAGE) has been detected in the plasma. It seems
that sRAGE competes with cell-surface RAGE for ligand binding, thus increasing the elimi‐
nation of circulating Aβ [145].

3.6. BBB dysfunction in AD

Failure in the BBB function is an outstanding event in the development and progression of
several CNS diseases including multiple sclerosis [253], ischemia [254], Parkinson's disease,
and AD [255]. While in some of the diseases increased BBB permeability is an outcome and
consequence of the pathology (such as ischemic stroke), in other cases, BBB failure may be a
causative event for the disease (such as multiple sclerosis). Furthermore, BBB dysfunction can
be mild with temporary opening of TJs, or it can be a chronic breakdown [256], with changes
in transporters and enzymes happening at the same time [216].

Although cerebrovascular abnormalities have been noted in AD, the starting point between
BBB failure and AD pathology is not clear yet [142, 257]. Nevertheless, BBB homeostasis is
altered in the initial stages of AD leading to the production of proinflammatory cytokines and
suppressors of the cerebral blood flow by endothelial cells; then, amyloid deposits are observed
in cerebral capillaries and vessels in the later stages of AD [258]. A large number of alterations
in the structure and function of the BBB were shown to occur in AD. For instance: decreased
LRP1 expression in human brain microvasculature [239], increased LRP1 oxidative damage
[259], impaired microvascular P-gp [260], increased expression of RAGE in the cerebral vessels,
neurons and microglia [251]. Moreover, it has been shown to occur: decreased glucose
consumption by the brain, thus predicting a decay in cognitive function [261], which has been
described by the reduction in the GLUT-1 transporters expression (protein levels) in AD
hippocampus microvessels [262] but not a decrease in GLUT-1 mRNA levels [263]. Other
alterations have been described, such as: decreased endothelial mitochondrial density,
increased endothelial vacuolization, accumulation of collagen and perlecans in the basement
capillary membrane [264], and increased pinocytotic vesicles [265].Also, it has been reported
a reduced number and smaller diameter of capillaries in CNS implying the diminished overall
surface for LRP1-mediated transcytosis of Aβ across the BBB, and also a decreased length of
brain capillaries [266] which lowers transport of energy substrates and nutrients across the
BBB, and reduces the clearance of neurotoxins from the brain [138]; Overexpression and

Modulating Role of TTR in Aβ Toxicity, from Health to Disease
http://dx.doi.org/10.5772/63194

21



accumulation of occludin in frontal cortex and basal ganglia of AD brains [267] have also been
described as well as lower expression of genes such as the homeobox gene MEOX2 (or GAX),
a regulator of vascular differentiation [268]. Finally, activated microglia [269] and astrocytes,
the resident brain immune cells present in neurovascular unit of the BBB, have been observed
surrounding Aβ plaques in AD brains, releasing inflammatory cytokines, such as IL-1 and
IL-6, TNF-α, and transforming growth factor-β [174].

4. Periphery and Alzheimer’s disease

4.1. Aβ levels at the periphery

Although studies in rodents have shown an increase in plasma Aβ levels, data in human AD
patients have been contradictory; while some demonstrate increased levels of circulating Aβ
[270], others report decreased [271] or unchanged [272] levels. Nevertheless, the significant
role of circulating Aβ in AD pathology cannot be neglected. Interestingly, Aβ is also produced
outside the brain in considerable amounts by the platelets, skeletal muscle, vascular walls,
kidney, heart, liver, and by other non-neural tissues [273–275]. These pools may also provide
a dynamic exchange of Aβ between the brain and periphery. However, Aβ peptides in the
periphery cannot form filamentous structures, probably due to the presence of multiple
circulating molecules that bind Aβ and thereby change its free-plasma levels [276].

4.1.1. Plasma proteins involved in peripheral sink and clearance of Aβ

Continuous removal of Aβ, not only from the brain but also from blood and from the entire
organism, is essential for preventing its accumulation in the brain. Aβ in the plasma is bound
to a number of proteins such as albumin [277], apoE and apoJ [278], TTR and a soluble form
of LRP1 (sLRP1). In healthy human plasma, sLRP1 is a major endogenous brain Aβ sinker that
sequesters 70–90% of plasma Aβ. sLRP1 has been demonstrated to bind the majority of
circulating Aβ preventing RAGE-dependent influx of Aβ back to the brain, while improving
its systemic clearance [279]. These data confirm the peripheral sink hypothesis, which imply
systemic clearance of Aβ via binding proteins in serum and preventing its uptake through
RAGE. Accordingly, this explains how some therapeutics, such as peripheral administration
of sLRP1 or antibodies against Aβ [280], decrease Aβ levels in the brain. Moreover, AD patients
show decreased plasma sLRP1 levels and increased oxidative damage to sLRP1, reducing its
binding capacity for Aβ. This, in turn, increases the free Aβ fraction in plasma [279], that is,
accessible for RAGE-dependent influx back to the brain [281].

Higher sRAGE levels are linked to reduced risk of developing several disorders such as
cardiovascular disease and AD. Levels of sRAGE are decreased in AD and in vascular
dementia, which may confer a target for therapeutic purposes [282]. It has been demonstrated
that systemic administration of a truncated form of RAGE decreases Aβ load in a transgenic
mouse model [241]. Moreover, sRAGE has an inverse relationship with cholesterol, presenting
another modulatory impact on Aβ metabolism due to the role of cholesterol as a mediator of
inflammation and APP processing [145].
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4.1.2. Alterations in other plasma proteins in AD

Few proteins are synthesized solely by the brain or are present in higher concentrations in CSF
compared with the blood. In conditions of the BBB failure, these CSF markers can appear or
be increased in the plasma [283]. Hence, estimating levels of CSF proteins in the plasma may
be a reliable method to control BBB integrity. For instance, S-100 is primarily produced in the
brain by astrocytes and when the BBB is disturbed it is quickly released from the brain and
appears in the blood [284].

4.2. Liver and Aβ elimination

At the periphery, the liver play important roles not only in the storage and in the release of
nutrients and proteins but also in the neutralization and elimination of a variety of toxic
substances such as Aβ from the plasma.

The receptor for LDL (LDLr), LRP1, and megalin/LRP2 play important roles in endocytosis of
lipoproteins and systemic lipid homeostasis. Moreover, LRP1 mediates the clearance of a
multitude of extracellular ligands such as Aβ and regulates diverse signaling processes such
as growth factor signaling, inflammatory signaling pathways, apoptosis, and phagocytosis in
liver.

In the liver, LRP1, which can be blocked by the receptor-associated protein (RAP), has been
shown to be the predominant transporter that mediates systemic clearance of Aβ [285]. LRP1
localized to hepatic cells binds to and systemically clears circulating Aβ. Reduced hepatic LRP1
levels are associated with decreased peripheral Aβ clearance in aged rats. In aged squirrel
monkeys, systemic clearance of Aβ is also reduced and associated with increased Aβ levels in
the brain. In addition to the liver, sLRP1-Aβ complexes and free Aβ are removed through the
kidneys [279]. Liver was also demonstrated to be the major source of Aβ and to be able to
regulate brain Aβ levels [286].

The half-life of circulating Aβ is short, in the range of minutes [287, 288]. This also suggests
that rapid systemic clearance of Aβ prevents reuptake by RAGE after efflux.

It has been shown that some proteins such as insulin [289] and TTR [290] increase LRP1 levels
in hepatic plasma membrane, and in turn enhance peripheral Aβ clearance. Insulin-degrading
enzyme, a zinc metalloendopeptidase that hydrolyzes numerous peptides, including Aβ [238],
insulin [291] and the AICD, has been purified from several mammalian tissues including liver,
brain and blood cells [292]. Furthermore, experiments in rats demonstrated that after 3.5 min
post-infusion of radiolabelled Aβ into the lateral ventricle, 40% of the injected radioactivity
was already in the blood and urine, and internalized by the liver and the kidneys, indicating
not only a quick clearance mechanism but also the involvement of systemic organs in the
elimination and catabolism of Aβ [293]. Therefore, the capacity of the liver to internalize,
catabolize, and eliminate large doses of Aβ, may explain not only the low plasma Aβ levels
but also its small variation noted with age and disease stages.

In some cases, both parenchymal and non-parenchymal liver cells take up proteins, whereas
in other cases this is done mostly by hepatocytes, as happens for TTR, apoA-I, SAP and Aβ. In
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vivo and in vitro experiments showed that hepatocytes are the main cells involved in Aβ
uptake (about 90%) and in its catabolism [288].

5. Transthyretin

Transthyretin (TTR), formerly called prealbumin due to its electrophoretic characteristics,
located just in front of the albumin band, is a plasma protein secreted mainly by the liver and
choroid plexus (CP) [294]. The name “transthyretin” discloses its dual physiological role as a
carrier for thyroid hormones [295] and retinol, the latter through the binding to retinol-binding
protein (RBP) [296]. TTR was first described in the CSF [297] and shortly after in the plasma
[298].

Although the involvement of TTR in the transport of thyroid hormones and RBP, as well as in
FAP, is very well established, its involvement in neuroprotection is part of a very recent
knowledge and constantly evolving.

5.1. TTR gene structure and expression

TTR is codified by a single copy gene localized in the long arm of chromosome 18 [299]. The
entire nucleotide sequence including the 5′ (transcription initiating site) and the 3′ (untrans‐
lated region) flanking regions was determined [300, 301] and attributed to the region 18q11.2–
q12.1 [302]. The full gene is 7.6 kilobase (kb) long comprising 4 exons and 3 introns [300, 301].
Exon 1 contains 95 basepairs (bp), including 26 bp 5′ untranslated, and codes for a 20 aa residue
leader peptide and aa 1–3 of the mature protein; exon 2 (131 bp), 3 (136 bp), and 4 (253 bp) hold
the coding sequences for aa residues 4–47, 48–92 and 93–127, respectively. The introns (A, B
and C) are 934, 2090 and 3308 bp long, respectively. Introns A and C contain two open reading
frames (orf) of unknown significance [301].

The TTR mRNA spans ~0.7 kb and contains a 5′-untranslated region (26–27 nucleotides), a
coding region (441 nucleotides), and a 3′-untranslated region (145–148 nucleotides) preceding
the poly(A) tail [294, 303]. Human [299], rat [304, 305] and mouse [306] coding regions exhibit
a considerable degree of homology (~85%), suggesting a phylogenetically preserved modu‐
lating role in gene expression.

TTR is predominantly synthesized by the liver where more than 90% of the protein is produced.
The remaining is produced by the CP and the retina. TTR is detected in the fetal blood very
early during development, as soon as eight weeks after conception [307]. TTR plasma concen‐
tration is age dependent, and in healthy newborns, it is about half of that in adults [308, 309].
TTR values vary from 20 to 40 mg/dL. In spite of the low TTR levels in CSF (~2 mg/dL), the CP
is presented as the major site of TTR expression, expressed as a ratio of TTR/mass of tissue,
corresponding to a ~30-fold higher than that found in plasma [310]. TTR represents 20% of the
total CSF proteins [310].

With respect to the regulation of TTR expression, several studies showed that liver and CP
TTR expression are increased in response to sex hormones, as demonstrated in mice [311,

Exploring New Findings on Amyloidosis24



312]. In rats, hydrocortisone and psychosocial stress are also inducers of TTR in the CP [313].
Others studies indicate that TTR can be expressed by brain cells, for instance in response to
the heat shock factor 1 (HSF1) and to the AICD fragment of APP, as we will discuss further
ahead in the context of TTR protection in AD.

5.2. TTR protein structure

The TTR mRNA codifies for the TTR-monomer; the polypeptide of 147 aa residues whose N-
terminal region is a hydrophobic signal peptide of 20 aa residues. The TTR monomer is
subjected to a cleaving process, during its migration through the ER, giving rise to the native
TTR monomer after breaking of the signal peptide [294]. Assembly of four identical subunits
(13,745 Da) occurs yielding the mature tetrameric protein, with a molecular mass of 54,980 Da
[314].

Figure 2. The human TTR tetrameric structure complexed with two molecules of RBP (light green), which in turn is
bound to retinol, and with T4 (binding in the central channel).

The tridimensional structure of TTR was made available at 1.8 Å resolution by X-ray diffraction
studies on the crystallized protein [315]. Each monomer contains two β-sheets formed by
strands DAGH and CBEF. All, except strands A and G, display an antiparallel orientation, and
are arranged in a topology similar to the classic Greek key barrel. The strands are 7–8 residues
long, except strand D, which, is only 3 residues in length. Only about 5% of the aa residues are
located in one segment of α-helix comprising residues 75–83, at the end of strand E. Two
monomers associate forming the dimer by interactions between chains F and H of each
monomer. Fixing the chains of one monomer as A–H and the ones of the other monomer as A
′–H′, the arrangement within a dimer is DAGHH′G ′A ′D ′ and CBEFF′E ′B ′C ′. The tetramer
consists of two dimers with connecting edges occurring between the AB loop of one dimer
with the H strand of the other dimer (Figure 2). The quaternary structure of TTR has the shape
of a globular protein with an overall size of 70 Å × 55 Å × 50 Å [315]. The two dimers are slightly
rotated in relation to each other along the y axis.
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5.3. Physiology and Metabolism

5.3.1. Transport of thyroxine (T4)

Thyroid hormones are transported in blood circulation and delivered to the target tissues, with
an incredible high amount of the hormones (99%) bound to serum proteins. In human plasma,
TTR, thyroxine-binding protein (TBG) and albumin are responsible for the delivery of T4 into
the target tissues. Although TBG is much less concentrated in the plasma than TTR, it presents
the highest affinity constant for T4 (Ka = 1 × 1010 M−1) and transports about 70% of the plasma
T4. TTR has an intermediate affinity for T4 (Ka = 7 ×  107 M−1) and transports about 15% of the
hormone, and finally, albumin presents the lowest binding affinity (Ka = 7 × 105 M−1) [316].

The four monomers of the TTR tetramer, demarcate an open channel through the molecule
where two binding sites for thyroid hormones are located (Figure 2). These two binding sites
present negative cooperativity [317] implying that when the first thyroid hormone molecule
occupies the first site, the affinity for the second molecule is highly reduced.

T4 transport into the brain is of particular interest and has raised much controversy [318].
Although TTR is the major T4-binding protein in the CSF, studies done in ttr knock-out mice
(TTR−/−) [319] revealed that TTR is not essential for thyroxine to reach the brain and other tissues
[320]. In addition, measurement of several parameters of thyroid hormone function indicates
that these mice are euthyroid despite strongly reduced total T4 plasma levels [321]. No other
protein was found to replace TTR in the transport of T4 in the CSF, and T4 levels were normal
in the cortex, cerebellum, and hippocampus while strongly reduced in the CP of the TTR−/−

mice [322].

Therefore, it was suggested that TTR might be a reservoir for T4 both in the plasma and in the
CP and CSF, which might become important under conditions of increased hormone demand.

5.3.2. Transport of vitamin A

TTR is also responsible for retinol transport through binding to retinol-binding protein (RBP,
Figure 2). RBP is a 21 kDa monomeric protein comprising 182 aa residues [323]. The confor‐
mational structure of RBP bound to retinol was determined by x-ray crystallography [324]. In
most instances, RBP is transported in the bloodstream in the form of a saturated holo-RBP
protein equimolarly attached to TTR [325]. Although TTR has four binding sites for RBP [326,
327], under physiological conditions only one RBP molecule is bound to TTR due to the RBP
limiting concentration.

5.3.3. TTR metabolism

The biological half-life of TTR is about 2–3 days in humans [328, 329], 22–23 h in monkeys [330]
and 10–13 h in rats [331]. The major sites of TTR degradation in the rat are liver (36–38%),
followed by the muscle (12–15%) and skin (8–10%) [332].

The normal physiology of TTR is not completely understood, in particular, its cellular uptake.
Nevertheless, several observations suggest that TTR internalization is receptor-mediated, both
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in human hepatoma cells (HepG2) [333] and in chicken oocytes [334]. Megalin, a receptor
implicated in the renal re-uptake of plasma proteins carriers of lipophilic compounds, was
shown to play a role in renal uptake of TTR [335]. Furthermore, different TTR mutations
presented different levels of cell association and degradation, suggesting that the structure of
TTR is important for megalin recognition. TTR internalization was further explored by
studying TTR uptake using hepatomas and primary hepatocytes [336]. This work showed
direct evidence for TTR internalization by a specific receptor, forming a ~90 kDa complex. TTR
internalization was inhibited by RBP (70% decrease) and T4 (20% decrease) and TTR mutants
revealed differences in uptake, indicating again that the recognition by receptor is structure
dependent. Internalization was also inhibited by lipoproteins and RAP, a ligand for all
members of the low-density lipoprotein receptor family (LDLr). All together, these results
suggest a common pathway for TTR and lipoprotein metabolism and the existence of a RAP-
sensitive receptor for TTR internalization. TTR is also internalized by several other cells types
in cell culture, such as astrocytoma cells [337], cardiomiocytes [338, 339], neurons [340, 341],
endothelial cells and others. More recently, TTR was also shown to be uptaken by sensory
neurons, an event also mediated by megalin [340].

5.3.4. Proteolytic activity

TTR was also found to act as a cryptic protease and the first substrate described was apoA-I
[342, 343]. TTR is also able to cleave lipidated apoA-I (mainly in the lipid poor pre β-HDL
subpopulation) which can be relevant in the lipoprotein metabolism [343]. Moreover, apoA-I
cleaved by TTR presents less ability to promote cholesterol efflux [343] and shows increased
amyloidogenecity and propensity to form aggregates. Liz et al. also described that TTR was
able to cleave amidated neuropeptide Y (NPY) and that its proteolytic activity affects axonal
growth, leading to the conclusion that TTR has natural substrates in the nervous system [344].
Newly, the same authors described TTR as a metallopeptidase [345], and this result was
supported by another study that showed the involvement of a carboxylate and an ammonium
group, possibly from a lysine side chain, in the TTR hydrolytic activity [346]. Costa et al.
showed for the first time that TTR can cleave Aβ peptide in vitro [347] and implications in
Aβ clearance in AD will be addressed further ahead.

5.4. TTR as a cause of disease

TTR is associated with the most prevalent type of hereditary systemic amyloidosis. The
pathologic conditions include FAP and familial amyloidotic cardiomyopathy (FAC). A non-
hereditary condition is also related to TTR, the systemic senile amyloidosis (SSA), and affects
about 25% of people over 80 years of age. In SAA, the deposits occur in the heart and are
composed of wild-type (WT) TTR.

FAP is related to a peculiar form of hereditary autosomal dominant polyneuropathy. Corino
de Andrade first described the disease in 1952 [6] in the Portuguese population mainly from
the northern part of the country. Characterized by systemic deposition of amyloid and with a
special involvement of the peripheral nerves, the age of onset of the disease is usually between
20 and 35 years of age, with a fast progression to death within 10–15 years.
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Clinically, FAP is characterized by early impairment of temperature and pain sensation in the
feet, and autonomic dysfunction leading to paresis, malabsorption, and emaciation. Painless
injury to the feet complicated by ulcers, cellulitis, osteomyelitis, and Charcots joints may also
occur [348]. Motor involvement occurs with disease development causing wasting and
weakness, and there is a progressive loss of reflexes. The amyloid deposits can occur in any
part of the peripheral nervous system, including the nerve trunks, plexus, and sensory and
autonomic ganglia. The other organ frequently involved in FAP, which is the heart. Clinically,
the cardiomyopathy may present as an arrhythmia, heart block, or heat failure.

The first report relating immunologically TTR as the main protein in FAP fibrils was in 1978
by Costa and colleagues [349]. In 1984, the Val30Met mutation was identified in the protein
isolated from Portuguese FAP patients. This variant was shown to be a biochemical marker
for FAP [350] that resulted from a point mutation in the exon 2 of the TTR gene [351]. Since
the identification of the Val30Met variant, many others aa substitutions were identified in the
TTR protein and now over 100 mutations are described (http://amyloidosismutations.com/
mut-attr.php); these variants are associated with different clinical phenotypes and a consid‐
erable number of non-pathogenic TTR mutations have been identified, including a T119M
variant described to be protective.

TTR tetramer dissociation is believed to be on the basis of a series of events leading to TTR
amyloid formation. In fact, the amyloidogenic potential of the TTR variants relates inversely
with its tetrameric stability, and it is thought that upon dissociation of the tetramer, non-native
TTR monomers are formed which can assemble, forming amyloidogenic intermediate species,
such as oligomers and aggregates. Similarly to other amyloidogenic proteins, it is now believed
that cellular toxicity is derived from the initial intermediate species occurring in the initial
stages of FAP [352]. TTR stabilization has been proposed as a key step for the inhibition of TTR
fibril formation and has been the basis for FAP therapeutic strategies. Such stabilization can
be achieved through the use of small compounds sharing molecular structural similarities with
T4 and binding in the T4 central-binding channel. Most of such compounds belong to the class
of NSAIDs as it is the case of diflunisal and tafamidis, currently being administrated to FAP
patients. For instance, in FAP patients, diflunisal was shown to stabilize TTR, increasing its
serum concentration [353], and to reduce the rate of progression of neurological impairment
and to preserve quality of life [354].

6. TTR and neuroprotection

Several lines of evidence indicate that TTR possesses neuroprotective properties in multiple
contexts. Studies with TTR−/− mice revealed that these animals show reduced signs of de‐
pressive-like behavior, probably due to the modulation of noradrenergic system by the in‐
crease of noradrenaline in the limbic forebrain [355]. Additionally, increased levels of NPY,
known as an antidepressant neurotransmitter [356], were reported in dorsal root ganglia
(DRG), sciatic nerve, spinal cord, hippocampus, cortex, and CSF of TTR−/− mice [357], sup‐
porting the importance of TTR in the modulation of depressive behavior. Furthermore,
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Sousa and co-workers also described that TTR−/− mice present memory impairment com‐
pared with wild-type (TTR+/+) animals, indicating that the absence of TTR accelerates cogni‐
tive deficits usually associated with aging [358].

In addition, TTR was associated with nerve regeneration. Fleming et al. revealed, for the
first time, that TTR acts as an enhancer of nerve regeneration, following the observation that
TTR−/− mice have decreased ability to regenerate from a sciatic crushed nerve [359]. Later,
the same authors showed that the absence of TTR leads to impaired retrograde transport
and decreased axonal growth, and also that the effect of TTR in neurite outgrowth and
nerve regeneration is mediated by megalin-dependent internalization [340].

It was also established a relationship between TTR and ischemia, one of the major causes of
brain injuries in world. Santos and co-workers proposed that in a compromised heat-shock
response, CSF TTR contributes to control neuronal cell death, edema, and inflammation,
influencing the survival endangered neurons [360].

More recently, a new neuroprotective role in the CNS was attributed to TTR, as a transcription
inducer of insulin-like growth factor receptor I (IGF-IR), known as a protective receptor against
apoptosis [361]. Vieira and colleagues described, for the first time, that TTR induces increased
levels of IGF-IR, showing that TTR triggers IGF-IR nuclear translocation in cultured neurons
[341].

6.1. TTR protection in Alzheimer’s Disease

There are several reports suggesting a relevant protective role of TTR in AD. However, the
precise mechanism(s) is not entirely understood.

In 1993, Wisniewski described that Aβ40 fibril formation was inhibited upon incubation with
human CSF [362], which was explained by the sequestration of Aβ by extracellular proteins
circulating in CSF such as apoE and apoJ [362–364]. The earliest description of TTR protection
in AD was presented by Schwarzman and colleagues in 1994 when they observed that, in CSF
and contrarily to the expectations, apoE was not the major protein binding to Aβ, but TTR
[365], proposing the sequestration hypothesis as a possible explanation for the peptide
aggregation and consequent progression of AD. This hypothesis suggested that certain
extracellular proteins sequester normally produced Aβ, thereby preventing amyloid formation
and its toxicity. Amyloid formation would occur when sequestration failed [365, 366], which
could be related either with an Aβ overproduction, a reduction in the levels of the sequestering
proteins, inability of those proteins to interact with the peptide, deficient clearance mecha‐
nisms, or a combination of all the events above stated.

Supporting a protective role for TTR in AD are its decreased levels observed both in the CSF
[367] and in the plasma [114, 368] of AD patients as compared to age-matched subjects. Serot
and coworkers suggested that the decrease in TTR levels in the CSF of AD brains was possibly
related with an epithelial atrophy in the CP [367]. Interestingly, very recently, studies in an
AD transgenic mouse model reported CP dysfunction and revealed a specific increase only of
the Aβ42 isoform in epithelial cytosol and in stroma surrounding choroidal capillaries,
accompanied by a thickening of the epithelial basal membrane, greater collagen-IV deposition
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around capillaries in CP that probably restrain solute exchanges, and attenuated expression
of epithelial aquaporin-1 and TTR protein compared to non-transgenic mice [369].

Modulation of Aβ aggregation and toxicity was also investigated in brain vascular smooth
muscle cells, isolated from dogs and AD patients, containing intracytoplasmatic granules of
Aβ produced in the presence of apoE. In this model, TTR was able to rescue the cells from this
accumulation and the positive thioflavin S staining, initially observed, was no longer detected
[370].

Although not fully consensual, several authors reported the presence of TTR in amyloid
plaques both in AD patients [371–373] and in AD transgenic models [372], strengthening a role
for TTR in Aβ deposition and in AD. TTR was also identified as a survival gene, and its
differential overexpression in mice hippocampus was suggested to be responsible for the lack
of neurodegeneration observed in the Tg2576 transgenic mice overexpressing the mutant form
of human amyloid precursor protein with the Swedish mutation (APPSw) [374]. Up-regulation
of TTR and other survival genes was induced by the sAPPα, a neuroprotective fragment
resulting from APP processing by α-secretase [373]. TTR up-regulation was also reported in
situations of exposure of AD transgenic mice to an “enriched environment,” also resulting in
pronounced reductions in cerebral Aβ levels and amyloid deposits, compared to animals
raised under “standard housing“ conditions [375]. Later on, AD transgenic models with
genetic reduction of TTR and/or overexpression of human TTR [372] further showed the ability
of TTR to modulate Aβ aggregation and toxicity. While the overexpression of human TTR
ameliorated AD features in APP transgenic mice [372], the ablation of the mouse TTR gene
resulted in accelerated amyloid deposition and increased Aβ brain levels [372, 376, 377]. In
vitro studies further demonstrated that a direct interaction between TTR and Aβ abrogated
the noxious properties of Aβ oligomers [378].

Animal models, in particular mice models, also provided evidence for a gender-associated
modulation of brain Aβ levels [377] as elevated brain levels of Aβ42 were observed in AD
female mice with only one copy of TTR when compared to female with the two copies of the
TTR gene, while no significant differences were observed in males. Additionally, this work
also indicated that reduced levels of brain testosterone and 17β-estradiol in female mice with
TTR genetic reduction might underlie their increased AD-like neuropathology [377]. Interest‐
ingly, estradiol was found to be decreased in female AD patients when compared to healthy
age and gender-matched controls [114], which in conjunction with TTR regulation by sex
hormones, as already described, can account for TTR lowering in AD and the prevalence of
this disease in women. In fact, plasma TTR levels were found decreased in AD women, as
compared to healthy age- and gender-matched controls, whereas plasma TTR levels in AD
men were not significantly different from their respective controls [114], further confirming
the gender modulation by TTR.

6.1.1. TTR and Aβ interaction

TTR and Aβ binding was initially demonstrated by adding radiolabelled Aβ1-28 synthetic
peptide to human CSF and subsequent analysis by SDS-PAGE [365]. Later on, the TTR/Aβ
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complex was also demonstrated in plasma [379], although the details of the interaction as well
as the effects in Aβ fibrillogenesis and toxicity were not known.

In 2008, Costa and colleagues characterized the TTR/Aβ interaction by competition-binding
assays using synthetic Aβ42, which revealed that the WT TTR binds to different Aβ peptide
species: soluble (with a Kd of 28 ± 5 nM), oligomers, and fibrils [378]. Other studies showed
that TTR drastically decreased the rate of aggregation without affecting the fraction of Aβ in
the aggregate pool and an estimated apparent KS of 2300 M−1 was calculated [380]. These data
support a hypothesis, wherein TTR preferentially binds to aggregated rather than monomeric
Aβ and arrests further growth of the aggregates. Recent work indicates that the intensity of
TTR binding to Aβ peptide is highest for partially aggregated materials and decreased for
freshly prepared or heavily aggregated Aβ, suggesting that TTR binds selectively to soluble
toxic Aβ aggregates [381]. Although Schwarzman and colleagues had shown in 1994 that TTR
is capable of inhibiting Aβ1-28 aggregation [365], Costa and co-workers showed by transmis‐
sion electron microscopy (TEM) analysis that TTR is capable of interfering with Aβ fibrilliza‐
tion, both at inhibiting its aggregation and at disrupting pre-formed Aβ fibrils [378]. Thus, new
and innovative studies are necessary to clarify the details of this interaction.

Another point of controversy refers to the TTR species involved in Aβ binding. Some studies
support that the TTR monomer rather than the tetramer binds more strongly to Aβ [382], and
it is even suggested that while the TTR monomer arrests Aβ aggregate growth, the tetramer
modestly enhances the peptide aggregation [382]. Another study performed using diverse
natural TTR mutants showed that different TTR variants bind differentially to Aβ in the
following manner: T119M>WT>V30M3Y78F>L55P TTR [378], indicating the lower the amyloi‐
dogenic potential of TTR, the stronger the affinity toward the peptide. Since the amyloidogenic
potential correlates inversely with TTR tetrameric stability, authors concluded that the TTR
tetramer is the species binding to Aβ peptide. Previous work had already shown that amyloi‐
dogenic TTR mutants such as L55P and E42G, the only ones able to form TTR amyloid fibrils
at pH 6.8 amongst the forty-seven variants tested, were unable to bind Aβ [383].

Given the above considerations, it is therefore conceivable that mutations of the TTR gene
could alter the TI'R/Aβ sequestration properties. However, the screening study in AD patients
found no correlation between TTR variants and AD [384], and therefore other factors, namely
conformational changes resulting from aging, should be affecting TTR levels and its binding
properties towards Aβ.

Computer-assisted modelling was developed to determine the possible key residues partici‐
pating in the interaction and the data suggested that residues 38–42, Asparagine 62 (E62) and
E66 of each TTR monomer had a central role in the interaction [365]. Later studies have
confirmed that only the residues 38–42 of TTR were important for the interaction [366]. More
recently, Du and Murphy, identified the A strand, in the inner β-sheet of TTR, as well as the
EF helix, as regions of TTR that are involved with Aβ [382] association. New data from the
same group now indicates the involvement of the G strand of TTR with the particular in‐
volvement of L82A and L110A, suggesting that Aβ binding to TTR is mediated through these
bulky hydrophobic leucines [385].
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6.1.2. Effects of TTR stabilization in AD

The decrease in TTR levels in the context of AD is found early in disease development as
indicated by the lower levels also found in plasma TTR in MCI patients [114]. TTR levels
continue to decrease as disease progresses correlating negatively with disease severity, both
in CSF [115] and plasma [114], and with senile plaque burden [386]. Similar results were found
in AD transgenic mice as TTR was decreased as early as 3 months of age [377], well before
amyloid deposition. Mice, however, seem to be able to compensate and female showed
restored TTR levels at the age of 10 months [377].

The reason for TTR decrease is not known, but its tetrameric stability seems to play an
important role. An unstable TTR can result in accelerated clearance, accounting for the lower
levels observed. Further, such instability can also affect the Aβ sequestration properties of TTR.
Supporting this stability hypothesis is the observation that plasma TTR from AD patients
presents impaired ability to carry T4. This also supports that it is the TTR tetramer that binds
Aβ, since T4 binding to TTR implies that the tetramer is assembled. Very interestingly, TTR
genetic stabilization, that is, the presence of the T119M allele, was associated to decreased
cerebrovascular disease and increased life expectancy [387]. In the context of AD, and arguing
in favor of the stability hypothesis is the observation that the TTR/Aβ interaction can be
improved in vitro in the presence of small chemical molecules known to bind to the T4-binding
channel and to stabilize its tetrameric fold [388]. Importantly, in vivo studies using one of such
stabilizer—iododiflunisal, known to be a very potent TTR stabilizer [389] and shown to
improve TTR/Aβ interaction [388]—administrated to AD transgenic mice resulted in amelio‐
ration of AD features such as cognitive function and Aβ brain deposition [390]. In addition,
plasma levels of Aβ42 were decreased upon iododiflunisal administration. These results
opened the possibility for the use of TTR stabilizers in AD therapeutic drug development.

6.1.3. Mechanisms of TTR protection in AD

Aβ sequestration by TTR and other extracellular proteins was the first hypothesis proposed
to explain why CSF is able to inhibit Aβ amyloid formation, implying that, when sequestered,
Aβ cannot aggregate to form amyloid [362, 365]. However, the precise mechanism leading to
final Aβ removal is not yet elucidated.

Following the identification of the TTR proteolytic activity, it was also described that Aβ
peptide is cleaved by TTR, in vitro, with consequent generation of non-amyloidogenic frag‐
ments or fragments with amyloidogenic potential inferior to the full-length peptide [347].
Since clearance of Aβ from the brain can occur via proteolytic degradation of the peptide by
several enzymes, such as neprilysin (NEP), insulin-degrading enzyme (IDE), Endothelin-
converting enzyme (ECE), angiotensin-converting enzyme (ACE), uPA/tPA-plasmin system,
cathepsin D, and matrix metalloendopeptidase 9 [391, 392], lower levels of TTR or inhibition
of its proteolytic activity would result in less Aβ peptide eliminated by the cells, and there‐
fore in its accumulation and amyloid formation. Interestingly, several sites of Aβ cleavage
by TTR are common to several of the proteases mentioned [347]. Further, NEP is known to
cleave not only monomeric but also oligomeric forms of Aβ localized intra and extracellu‐
larly, as determined in vitro and in vivo [393, 394]; similarly, TTR was shown to degrade
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both monomers and aggregates of Aβ in vitro. Nevertheless, Aβ degradation by TTR was
not yet shown in vivo. It is also not known if binding/sequestration of Aβ and its degrada‐
tion by TTR are part of the same mechanism or are independent processes.

In addition to the peptidolytic removal of Aβ, clearance of the peptide from the brain also
occurs via active transport at the BBB and BCSFB, as already discussed. The receptors for Aβ
at the BBB bind Aβ directly, or bind to one of its carrier proteins, and transport it across the
endothelial cell. The first hint pointing to the involvement of TTR in Aβ transport and clearance
came from the analysis of brain and plasma levels of the peptide in mice with different TTR
genetic backgrounds. Results showed that AD transgenic mice with just one copy of TTR had
lower brain and plasma Aβ levels, as compared to animals with two TTR gene copies, raising
the hypothesis that TTR might be involved both in Aβ brain efflux and in its peripheral removal
at the liver. Very recently, it has been showed that TTR promotes Aβ internalization and efflux
in hCMEC/D3 cells, a BBB cellular model widely used. Importantly, TTR stimulated brain-to-
blood Aβ permeability in hCMEC/D3 which in turn can be explained because TTR itself can
only cross the BBB only in the brain-to-blood direction [290, 332]. Thus, TTR can transport
Aβ from, but not into the brain, acting as a neuroprotective molecule.

The presence of TTR in brain areas other than its site of synthesis and secretion—CP and CSF,
respectively—has been already shown. In situations of injury, such as ischemia, TTR was
detected at the local of infarct and shown to derive from CSF TTR [360]. However, other studies
demonstrated TTR synthesis by cortical [395] or hippocampal neurons both in vitro [396], and
in vivo [397] showing that TTR expression in the brain can be regulated [396]. For instance,
Kerridge and colleagues showed that TTR expressed in SH-SY5Y neuroblastoma cell line is
up-regulated by the AICD fragment of amyloid precursor protein (APP), specifically derived
from the APP695 isoform [396]. Induced accumulation of functional AICD resulted in TTR up-
regulation with concomitant Aβ decreased levels. Wang and colleagues reported that TTR
expression in SH-SY5Y cells, primary hippocampal neurons, and the hippocampus of APP23
mice is significantly enhanced by HSF1 [397]. In any case, TTR is available in the brain and
might participate in brain Aβ efflux by promoting BBB permeability to the peptide. It is also
possible that TTR contributes to Aβ clearance from the brain through the BCSFB.

TTR was also able to increase Aβ internalization by hepatocytes prompting TTR as an Aβ
transporter both in the brain and at periphery. Previous work showed that TTR is internalized
by hepatocytes using a RAP-sensitive receptor, which together with the knowledge that as
follows: (1) LRP1 is the main Aβ receptor both at the BBB and at the liver, (2) LRP1 is prefer‐
entially expressed at the basolateral membrane of the endothelial cells of the BBB, and (3) TTR
can only cross the BBB in the brain-to-blood direction, indicates this receptor is involved in
TTR-assisted Aβ transport. So far, it has been shown that mice with TTR genetic ablation
present decrease levels of brain and liver LRP1 and that TTR added to hCMEC/D3 cells results
in increased LRP1 expression. These findings open new perspectives for TTR/LRP-related
therapeutic interventions in AD. However, a direct interaction between LRP1 and TTR is yet
to be demonstrated. TTR has also been suggested to act in a chaperone-like manner by binding
toxic or pretoxic Aβ aggregates in both the intracellular and extracellular environment [372].
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Figure 3. Schematic representation of the proposed mechanisms underlying TTR Protection in AD. (A) In a healthy
individual, TTR binds Aβ peptide in the brain at the CSF promoting its degradation and elimination through the epi‐
thelial cells of the CP. At the BBB, Aβ effluxes through LRP1 to the blood, a process in which TTR also participates. At
the periphery, TTR and other Aβ bindable substances create a peripheral sink avoiding the return of Aβ to the brain,
and transport the peptide to the liver, where it will be internalized by liver LRP1 for final degradation. (B) In AD pa‐
tients, TTR decreased tetrameric stability for yet unknown reasons, and decreased expression due to decreased sex
hormones, result in lower protein levels in the brain and plasma. In turn, this contributes to failure in Aβ sequestra‐
tion, efflux at the BBB, and peripheral transport to the liver. Impaired Aβ transport at the BBB and internalization/
degradation by the liver is aggravated by LRP1 decreased expression, modulated by TTR.

Therefore, more studies are necessary to unravel the mechanism(s) underlying TTR protection
in AD, and to clarify how the hypothesis presented so far fit together (Figure 3).
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Abstract

The current chapter illustrates how both electron and scanning probe microscopy can
be utilized to unravel the supramolecular organization of amyloid fibrils, β-sheet-rich
protein  aggregates,  which  are  strongly  associated  with  various  neurodegenerative
diseases. It also discusses why morphologically different fibrils can be grown from the
same protein under slightly different experimental conditions, which is a phenomen‐
on known as fibril polymorphism. Next, it establishes the high potential of vibrational
circular dichroism (VCD) for unraveling the supramolecular organization of amyloid
fibrils. Finally, it discusses several hypotheses of amyloid fibril formation that were
developed based on numerous microscopic and spectroscopic studies.

Keywords: amyloid fibrils, supramolecular chirality, microscopy, VCD, polymor‐
phism or fibril polymorphism

1. Introduction

Under normal physiological conditions, the native structure of partially unfolded proteins is
restored by numerous self-sustaining pathways of cell homeostasis. However, under some
pathological conditions, such as neurodegenerative diseases, partially unfolded proteins may
adopt β-sheet structure [1, 2]. This primarily happens because the β-sheet structure is energet‐
ically more favorable when compared to the native structure of the protein. When two β-
sheet moieties associate together plane-to-plane, they form a very stable structure, known as a
cross-β-sheet. The cross-β-sheet is capable of templating the aggregation of misfolded or partially
unfolded proteins. As a result, fibril filament, the simplest supramolecular architecture, is
formed. It stretches microns in length in the direction perpendicular the peptide strands in the
β-sheets [3–5]. Following electrostatic energy minimization, filaments tend to twist along their
longitudinal axis. And as a result, local charges on the fibril surface increase their mutual distance.
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Contrastingly, twisted filaments have much higher elastic energy than a flat structure. And
consequently, the filaments tend to adopt becoming as relaxed and flat geometrically as possible
to reach the elastic energy minimum. The net between these two competing energies, electro‐
static and elastic, determines the degree of the filament twist [6, 7].

Twisted filaments also braid and coil with other filaments [8–10], forming higher hierarchical
supramolecular structures named proto-fibrils and fibrils [11, 12]. Alternatively, twisted
filaments may associate side-by-side, forming cross-β-sheet tape-like fibrils [10, 11]. Different
filaments’ propagation pathways result in a large diversity of fibril morphologies. This
phenomenon is known as fibril polymorphism [3, 13]. Post-mortem microscopic examination
of fibrils that were detected in the organs and tissue of patients, who were diagnosed with
different neurodegenerative diseases, also revealed their morphological heterogeneity [14,
15]. Moreover, in vitro studies have demonstrated that morphologically or structurally
different fibril polymorphs had different toxicity [16]. And as a result, a clear understanding
of fibril supramolecular organization will help to unravel the origin of fibril toxicity.

Methodologically, unraveling the supramolecular organization of amyloid fibrils is a
challenging task. This is primarily because fibrils are insoluble and cannot be crystalized,
which unfortunately limits X-ray and NMR, classical tools of structural biology, for their
studies [17, 18]. Historically, microscopy was the first, and most commonly utilized technique
which is capable of unraveling supramolecular organization of amyloid fibrils. There are
several microscopes that are effective in resolving amyloid aggregates which include: electron
(EM), transmission (TEM), and scanning electron (SEM) microscopes, and lastly probe
microscopes. In addition to microscopy, vibrational circular dichroism (VCD) can directly
probe supramolecular organization of amyloid fibrils [11, 19]. It was recently discovered that
VCD can detect the twist of the fibril filaments, which not always may be visualized using
SEM or atomic force microscopy (AFM) [8]. The observed VCD intensities of fully developed
fibrils and their filaments are one to two orders of magnitude larger than VCD intensities
observed from solutions of individual proteins. This indicates that enhanced VCD arises from
the long-range supramolecular chirality of fibrils, making VCD a unique solution-phase, stereo-
specific probe of protein fibril structure and chiral morphology. A growing body of literature
indicates that VCD has already become a powerful and broadly used tool for the
supramolecular characterization of amyloid aggregates [11, 20, 21].

2. Unraveling supramolecular chirality of amyloid fibrils using microscopy

Conventional light microscopy is not capable of visualizing individual amyloid aggregates
due to their small sizes. According to Abbe diffraction limit, a resolution (d) directly depends
on a wavelength of light (λ), where α is the half-angle of the maximum cone of light that can
enter the microscope objective (1).
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For a microscope objective, the aperture angle is described by the numerical aperture (NA),
where NA = n•sinα (n is a media refractive index). Consequently, d of any confocal microscope
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The expression 2 indicates that the resolution increase with the decrease in the wavelength
and an increase in the NA of the objective. The best optical systems would be equipped with
100× oil immersed objective (NA=1.4) will give the resolution of ~200 nm. At the same time,
amyloid fibrils, as we will discuss below, are only 10–20 nm in diameter. Nevertheless, it
should be mentioned that the light microscopy is the most commonly utilized technique in the
clinical practice for the confirmatory diagnostic of amyloid plaques. Upon staining with
Congo-red, in the linearly polarized light, these amyloid deposits exhibit green birefringence.

Recently invented super-resolution microscopy, such as photoactivated localization micro‐
scopy (PALM) and direct stochastical optical reconstruction microscopy (d-STORM), allowed
for overcoming the Abbe diffraction limit and reach 2–10 nm spatial resolution [22–24]. For
example, d-STORM was capable of resolving individual amyloid β aggregates [25]. However,
very limited information about their supramolecular organization could be obtained. Partially,
because sample labeling with fluorophores is required, which obscures tiny details of fibril
topology. Also, since there are only a few fluorophores are activated per every light exposure
in super-resolution microscopy, long acquisition time is typically required for an image
processing. Therefore, thermal drift of current super-resolution microscopes becomes the
serious issue which limits their spatial resolution.

2.1. Unraveling the shape and localization of amyloid fibrils by TEM

The invention of the electron microscope, by Max Knoll and Ernst Ruska at the Berlin Tech‐
nische Hochschule, in 1931, allowed for overcoming the limitation of a visible light in obtaining
higher spatial resolution. Using TEM, the first morphological characterization of the individual
amyloid fibrils was achieved [26, 30]. This microscopic technique is relatively facile when
compared to other microscopic tools which will be discussed below. In most cases, only a drop
of the analyzed sample is needed to be placed onto a carbon or formvar-coated Cu film support
and dried under ambient conditions. Uranium or osmium salts are often applied to the dried
sample to increase the contrast of biological samples. Alternatively, samples for TEM can be
prepared by cutting plastic embedded biological samples. For example, TEM imaging of the
thin-cut plastic embedded amyloid tissues revealed long unbranched rod-like aggregates that
were named amyloid fibrils (Figure 1A) [26–29]. Aggregates with the same morphology were
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later reported by M. Kidd upon TEM imaging of the extract of amyloid-loaded liver tissue
(Figure 1B) [30].

Figure 1. TEM images of amyloid fibrils in (A) thin-cut plastic embedded amyloid tissue (×50,000) and (B) extract of
amyloid-loaded liver tissue. Locations of amyloid fibrils and their twisted filaments are marked by “A” and “F” re‐
spectively. Adapted from Tosoni et al. [26] and Kidd [30].

Aggregates of Tau proteins, histologically known as neurofibrillary tangles, are commonly co-
present together with amyloid plaques in brains of patients, who have been diagnosed with
Alzheimer’s disease. Their detailed microscopic study conducted by Wischik et al. (Figure 2)
[14, 15]. Using TEM, Wischik et al. studied the extracts from the human brains that contained
neurofibrillary tangles. Authors observed fibrils with flat and twisted topologies. Using metal

Figure 2. TEM images of uncoated (A, B) and metal coated (C, D) Tau fibrils extracted from the human brain. Scale
bards are 100 nm (A, C, D) and 1000 nm (B) [14, 15].
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shadowing, Wischik et al. determined the twist direction, which appeared to be left-handed.
Additional, it was discovered that these left-twisted fibrils were composed of two intertwined
left-handed proto-fibrils. The exposure of left-twisted fibrils to an alkali solution led to their
untwining, which made Wischik et al. to conclude that the integrity of left-twisted fibrils was
held by electrostatic interactions between their proto-fibrils.

These pioneering works were followed by numerous studies that report TEM microphoto‐
graphs of various protein aggregates and amyloid fibrils [31, 32]. It has been demonstrated
that TEM was capable of detecting twists in ribbon-like fibrils, curvature of fibrils, and the
roughness of their surfaces. TEM images could also be used to obtain quantitative data,
including dimensions of fibrils and their precursors, such as oligomers and filaments. In
addition, TEM was able to reveal a number of filaments in the mature fibril, as well as the
periodicity of the fibril twists. However, in most cases, TEM imaging was simply used to
confirm a presence of fibril species rather than to provide their morphological characterization.
This is in parts because such microscopic examination can be performed relatively quickly,
allowing researchers to verify whether fibril formation has occurred or not.

In parallel, TEM was used to monitor changes in the structure of mature fibrils which were
caused by various chemical and physical factors [33, 34]. For example, it has been demonstrated
that integrity of insulin fibrils could be perturbed through alteration of fibril electrostatic
interactions [33]. Shammas et al. exposed insulin fibrils which were grown at pH 2 to solutions
with pH 4, 6, 8, 10, and 12. Using TEM, Shammas et al. found that at pH above 4 insulin fibrils
drastically changed their morphology (Figure 3). Moreover, full disintegration of fibrils was
observed if the solution pH was higher than pH 10. It has been concluded that these changes
were caused by the strong electrostatic repulsion of the protein amino acid sequence in the
fibril cross-β-sheet.

Figure 3. TEM images of insulin fibrils (pH 2.0) after prolong exposition in solvents with higher pHs. Scale bars are 200
nm [34].

Separately, using VCD, Kurouski et al. demonstrated that a small change in pH drastically
changes morphology and supramolecular chirality of insulin fibrils [35]. This process was
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irreversible and occurred only when the pH was raised from 1.5 to 2.5. No effect of solution
ionic strength was found. An addition of sodium chloride up to 1 M concentration to pH 1.5
fibrils did not change the kinetics of the polymorphs’ inter-conversion.

2.2. Mass-per-length measurements of amyloid fibrils using scanning transmission electron
microscopy

As the analog of TEM, scanning transmission electron microscopy (STEM) is often used to
explore the morphological organization of amyloid aggregates. Similar to TEM, the back‐
ground of STEM images has lower intensity than protein specimens. This is due to stronger
electron scattering from protein aggregates comparing to a thin carbon film on which they are
adsorbed on. As a result, STEM image intensities appear to be proportional to mass densities
(per unit area). This can be used to determine mass-per-length (MPL) values of the analyzed
specimens [17, 36, 37]. MPL can be determined directly by measuring the incident electron
beam flux if the electron scattering cross-sections, as well as the detector geometry and
sensitivity are known. Alternatively, MPL can be evaluated by a comparison of the intensities
of the analyzed specimens with the intensities of objects with known mass densities. Tobacco
mosaic virus (TMV) is the most commonly used reference for such a comparison-based MPL
imaging. MPL values can be utilized to determine secondary structure of amyloid fibrils. For

Figure 4. TEM microphotograph (A) of amyloid fibrils grown from Rnq1 prion and their MPL (B) histogram. STEM
microphotographs (C and D) or the same fibrils and TMV rods (indicated by double-headed arrows). MPL values
(kDa/nm) are shown for fibril segments enclosed in rectangles [39].
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example, using MPL, it has been found that 40-residue amyloid β peptide (Aβ1–40) formed
two distinct fibril polymorphs with 2- and 3-fold symmetry [36]. MPL measurements con‐
firmed a β-helix-like structure of HET-s prion (HET-s218–289) protein fibrils, where each
peptide molecule spanned two turns of the β-helix [38]. It has been also shown that MPL
measurements could be used to investigate structural organization of fibrils formed by the
yeast prion protein Rnq1 (Figure 4) [39]. Chen et al. found that the prion sequence was folded
into in-register parallel β-sheet structure, with one Rnq1 molecule per 0.47-nm β-sheet repeat
spacing.

2.3. Probing topology and supramolecular chirality of amyloids by SEM

In SEM, both detector and the electron source are located on the same side of the sample.
Consequently, only scattered electrons (rather than electrons that go through the sample, as
in the case of TEM) are used to obtain the image of the analyzed specimen. SEM also requires
much lower energy of the electron beam (0.2–40 keV vs 100–120 keV, as used for TEM) to obtain
the contrast image. Similar to TEM, protein samples, such as amyloid fibrils, are commonly
stained with uranium or osmium salts prior to microscopic examination to gain a better
contrast. While SEM is not capable of resolving amyloid fibrils in the fixed tissues, it provides
excessive morphological information about the in vitro prepared or ex vivo extracted fibrils.
One of the most valuable sides of SEM morphological examination is its capacity to determine
the twist handedness of amyloid fibrils. For example, using SEM Rubin et al. evaluated
supramolecular chirality of fibrils grown from short amino acid fragments of serum amyloid
A (SAA) protein [40, 41]. SAA are a group of apolipoproteins associated with high-density

Figure 5. SEM image of simultaneously grown amyloid fibrils of serum amyloid A SAA2–6 peptide that exhibit left- and
right-twisted fibrils [40].
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lipoprotein (HDL) in blood plasma that are often expressed in response to inflammatory
stimuli in liver.

Rubin et al. found that SAA fragment with the sequence SFFSFLG (SAA2–6) simultaneously
formed both left- and right-twisted fibrils (Figure 5). It was also found that fibrils with the
same twist direction had different twist periodicity. Some of the right-twisted fibrils were
highly twisted (Figure 3, fibril marked R at the top), while others had much more of a loose
twist (Figure 3, fibrils marked R on the right and bottom). This indicated that several right-
twisted fibril polymorphs have simultaneously grown. Rubin et al. also discovered that
SAA2–12 with the sequence SFFSFLGEAFD exclusively formed right-twisted fibrils, while its
analog with only two different amino acids, SAA1–11RSFFSFLGEAF aggregated in 100% left-
twisted fibrils [40]. This discovery suggested that amino acid sequence may control the su‐
pramolecular chirality of amyloid aggregates.

At the same time, Kurouski et al. demonstrated that fibril morphology and supramolecular
chirality can be directly controlled by pH [8, 42]. Insulin and lysozyme aggregation at pH below
2 (25°C) led to a formation of tape-like flat fibrils [11]. At the same time, at pH above this point,
both of these proteins formed left-twisted fibrils (Figure 6) [8]. A fragment of transthyretin
(105–115) and HET-s prion (HET-s218–289) protein, on the opposite, formed left twisted fibrils
at low pH (25°C), while their aggregation at pH above 2.5 resulted in flat tape-like fibrils [11].
HET-s is a prion protein of the fungus Podospora anserine, which C-terminus fragment is capable
of forming amyloid fibrils at low pH. Authors suggested that protonation/deprotonation of
aspartic and glutamic amino acid residues, as well as peptide C-termini, which was taking
place around this pH, changed the charge on the surface of the filaments. As a result, filaments
adopted either left-handed or right handed twist. Left twisted filaments tended to braid and
coil forming left-handed fibrils. At the same time, right twisted filaments associated side-by-
side forming tape-like fibrils [11].

Figure 6. SEM images of insulin (A, B) and lysozyme (C and D) tape-like (top panel) and twisted (bottom panel) fibrils
[8]. Twists on the fibril surface are marked by red arrows. Scale bars are 100 nm.
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2.4. Application of cryo-SEM for determination of amyloid fibril topology

Typically, both TEM and SEM require sample dehydration. Protein specimens in general and
amyloid fibrils in particular are very sensitive to dehydration, which may cause drastic changes
in their morphology. To overcome this limitation, cryo-procedure of the sample preparation
is often used. In cryo-SEM, protein specimens are imaged at temperature below ambient
(typically between −100 and −175°C). This allows for the sample to be preserved and recorded
in the fully hydrated and chemically unmodified state.

Cryo-SEM has been extensively used to investigate supramolecular organization of amyloid
aggregates that strongly associated with Alzheimer’s and Parkinson’s diseases. For example,
using cryo-EM, Meinhardt et al. found that Aβ(1–40) peptide could form amyloid fibrils with
a range of different morphologies [43]. Authors showed that proto-fibrils could associate either
side-by-side, forming tape-like fibrils, or coil (intertwine), forming twisted cables. It has been
also shown that despite the width of the coiled fibrils varied from 10 to 21 nm, all of them
exhibited the same left-handed twist with a turnover from 65 to 163 nm. It was concluded that
such difference in the fibril thickness could be due to a different number of proto-filaments
that were taking place in their formation [44].

Antzutkin et al. investigated an aggregation of Arctic mutant of Aβ(1–40). It has been shown
that this peptide formed seven fibril polymorphs (three non-coiled and four coiled) if aggre‐
gated at pH 7.4, 22°C [45]. Moreover, Antzutkin et al. demonstrated that these fibril poly‐
morphs with different morphologies had dramatically different growth rates. It has been found
that Aβ(1–40) fibril morphologies could have significant variations in both width and twist
tightness, depending on the ionic strength (and the nature of ions) in the aggregation solution
[46]. Finally, Petkova et al. investigated the sample agitation impact on the morphology of
Aβ(1–40) fibrils. Using microscopy and solid-state NMR (ss-NMR), significant structural
differences between fibrils that were grown with and without agitation were found [47].

Supramolecular organization and polymorphism of Aβ(1–42) fibrils are much less investigated
comparing to Aβ(1–40) fibrils. Using cryo-SEM, Lührs et al. investigated structural organiza‐
tion of Aβ(1–42) fibrils and found that they were composed of several filaments that had ~2.5
nm in height and around 4.5 nm in width [48]. These filaments braided and coiled together
forming thick left-handed cables. Later, Zhang et al. confirmed that Aβ(1–42) formed exclu‐
sively left-handed fibrils [49]. It has been also suggested that Aβ(1–42) filaments intertwined
around each other, forming a hollow core.

In 2008, Vilar et al. reported results of a very detailed investigation of supramolecular organ‐
ization of α-synuclein fibrils [50]. Using cryo-SEM and ss-NMR, Vilar et al. found that α-
synuclein aggregated formed straight filaments that were around 2 nm in width. These
filaments tended to dimerize into thicker proto-fibrils via side-to-side association, forming
straight tape-like fibrils. At the same time, they it has been noticed that these filaments could
braid together forming left-handed proto-fibrils, with a diameter of ~6.5 nm, and fibrils with
a diameter of 9.8 nm (Figure 7) [50]. In fact, both straight and twisted α-synuclein fibril
polymorphs were detected upon the post mortem examination of brains of people who were
diagnosed with Parkinson’s disease [51, 52].
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Figure 7. Cryo-SEM images of tape-like (top row) and twisted (bottom row) α-synuclein fibrils. Scale bars are 20 nm
[50].

Recently, using cryo-SEM, Rubin et al. examined how the absolute chiral configuration of the
amino acids in a peptide sequence impacts on the supramolecular organization of the peptide
aggregates [41].

Figure 8. Cryo-SEM images of fibrils grown from all-L amino acid (A) and all-R (B) amino acid fragment of serum
amyloid A (SAA1–12) protein [41].
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It has been found that all L amino acid peptide with the sequence RSFFSFLGEAFD (SAA1–12)
formed right-handed fibrils (Figure 8). At the same time, aggregation of the same amino acid
sequence with all D amino acids led to a formation of exclusively left-twisted fibrils. Separately,
Harper et al. demonstrated the same for Aβ(1–40) peptide. It has been found that all L amino
acid Aβ(1–40) peptide formed left-handed fibrils twist. At the same time, aggregation of all D
amino acid peptide Aβ(1–40) resulted in right-handed fibrils. These experimental pieces of
evidence demonstrate that absolute chiral configuration of the peptide sequence may
determine whether one or another chiral polymorph will be grown.

2.5. AFM is capable of unraveling mechanisms of fibril formation and structural
organization of amyloids

In AFM, silicon or silicon nitride cantilever is used to image the sample. Changes in the
frequency of tip oscillation, as it is moved across the surface (tapping mode AFM), are recorded
by the laser that is reflected from the back side of the cantilever. As higher the object on the
surface, as smaller becomes the amplitude of the tip oscillation. In another modification of
AFM, known as contact-mode AFM (CM-AFM), the tip is not oscillating above the surface, but
rather steadily kept at it. When CM-AFM tip is moved across the surface, it simply reflects its
roughness, similar to a finger of a blind person who reads the Braille font. One can imagine
that the CM-AFM cantilever can easily damage fine protein samples upon such microscopic
examination. This much rarely happens in AC-AFM because the tip is being repulsed from the
surface as soon as van der Waals forces appear between the two. Therefore, CM-AFM is much
less frequently used for imaging biological samples, including amyloid fibrils.

One advantage of AFM over EM is its ability to image the specimen without any dehydra‐
tion or fixation. This is extremely important for microscopic characterization of protein
samples, such as amyloid fibrils. It should be noted that AFM provides an accurate height of
the imaged specimen, while width often appear slightly larger than the real width of the
imaged object. This error is known as the tip convolution effect. It arises from the tip that is
used for the sample imaging: as larger the tip diameter and smaller the object on the surface,
as larger the tip convolution error. Therefore, AFM and SEM are commonly used complimen‐
tary to each other for a determination of accurate height (AFM) and width (SEM) of the
analyzed specimens [8, 11].

Using AFM, Mezenga group recently investigated aggregation of bovine serum albumin (BSA)
[53]. Usov et al. found that BSA aggregated forming flexible filaments with left-handed twisted
morphology. On later stages of fibril formation, they observed rigid fibrils that either had no
twist or were right-twisted. Usov et al. proposed that tube-like structures could be formed if
the left-twisted filaments would continue twisting along their longitudinal axis. Such super-
twisting would finally result in a formation of a hollow tube. Usov et al. also proposed that
observed right-handed twisted ribbons could be formed if left-handed filaments would
continue to twist passing through the tube stage. This paradigm is very easy to visualize with
a piece of rope. If a degree of left-handed twist will be increased, the left-twitted rope would
suddenly start making right-handed twists. Therefore, Usov et al. concluded that observed
right-twisted fibrils had the left-handed twist of their internal filaments [53].
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Adamcik et al. recently demonstrated that the degree of the fibril twist could be changed by
the solvent ionic strength. It has been shown that if β-lactoglobulin was aggregated in 100 mM
NaCl, it formed tape-like fibrils. However, at 0 mM NaCl, grown fibrils tended to adopt a left-
handed twist. It has been concluded that as lower the ionic strength, as higher the twist degree
of the formed β-lactoglobulin fibrils [54].

Mezzenga group also explored how pH controlled supramolecular organization of amyloid
fibril growth at water-air interface (AWI) [55, 56]. It was discovered that small change in pH
caused significant differences in interfacial properties of β-lactoglobulin fibrils, such as their
alignment, entanglement, multilayer formation, and fibril fracture. For example, at pH 2, β-
lactoglobulin fibrils did not change their aggregation state after 5-hour exposition at AWI
(Figure 9). However, at pH 3, these fibrils tended to associate into bundles rather than stay in
nematic domains. It has been concluded that such drastic changes were caused by the change
of the charge on the fibril surface [56].

Figure 9. β-Lactoglobulin fibrils on water-air interface at pH 2 (top) and 3 (bottom) after (A) 1, (B) 2, and 5 hours (C).
Modified from Jordens et al. [56].

Nearly a decade ago, it was demonstrated that vortexing of insulin solutions during protein
aggregation at 60°C caused formation of similar bundled fibril superstructures [57, 58]. In
addition to AFM, Dzwolak group explored chiroptical properties of these insulin bundles
using induced circular dichroism (ICD) [59]. In ICD, an achiral chromophore is used to probe
the structure of a chiral molecule that has very low intensity of circular dichroism signal. It has
been found that these fibril superstructures are capable of binding thioflavin T (ThT), which
results in a negative induced circular dichroism (−ICD). However, if the protein aggregation
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was carried out at steady-state conditions, insulin fibrils did not form bundles and conse‐
quently no enhanced ICD signal was observed.

Mezzenga group also explored aggregation of α-synuclein at AWI and solid-liquid interfa‐
ces using AFM [60]. They found that at AWI, α-synuclein rapidly aggregated into amyloid
fibrils that remained adsorbed to the AWI. Instead, when the protein aggregation was taken
place at solid-liquid interface, α-synuclein aggregation is greatly reduced. This finding
demonstrated that protein aggregation is a very complex process that can be altered by varying
solution conditions and presence of interfaces that can either accelerate or decelerate fibril
formation.

Separately, Qin et al. aggregated α-synuclein in similar conditions (10 mM phosphate buffer,
pH 7.4) and found that mature fibrils have a left-handed twist [61]. They also elucidated the
role of two terminal fragments of α-synuclein. It was found that the protein without the first
29 amino acids from the N terminus (syn30–140) formed fibrils similar to the intact α-synu‐
clein. These fibrils had a right-twisted twist and were composed of two filaments and were
around 107 nm in height (AFM), Figure 10.

Figure 10. Morphology of the fibrils derived from three truncated α-synucleins. The inserted panels in each AFM im‐
age are a single fibril (upper) and its second derivative image (lower). Syn30–140 fibrils show long, straight morpholo‐
gy, and the double-filament twisted structure is observed in the enlarged fibril and its second derivative images
(attributed to a pair of twisted protofibrils). Syn1–103 gives much thinner fibrils, but double-filament twisted structure
is also observed (attributed to a protofibril consisting of two protofilaments). Syn30–103, however, shows very thin
fibrils with a single filament and untwisted structure (attributed to a protofilament) [61].

Intriguingly, according to their AFM images, full-length α-synuclein fibrils were almost 140
nm in height. It has also been found that C-terminal truncated α-synuclein (syn1–103) was able
to aggregate. However, this 103 amino acid peptide formed fibrils with smaller height (~57
nm). These fibrils, like syn30–140, also exhibited a right-handed twist. According to the Qin et
al., syn1–103 fibrils looked rather like proto-fibrils than mature fibrils [61]. Based on this
observation, authors made a conclusion that C-terminus of α-synuclein was highly impor‐
tant for the assembly of two proto-fibrils into a mature fibril. Finally, the central sequence
fragment of α-synuclein that lacked both N- and C-termini, syn30–103, was found to be able
to aggregate forming long un-branched fibrils. However, these fibrils were only 28.8 nm in
height with no clear twist evident from the obtained AFM images.
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Using AFM, Jansen et al. performed a detailed investigation of insulin aggregates that were
grown at pH 1.6 [62]. It was determined that insulin proto-fibrils, which had around 1.2 nm
in diameter, intertwined, forming left-handed fibrils with 3–7 nm in diameter. In addition,
right-handed fibrils were simultaneously observed. Intriguingly, that it has been proposed
that these right-handed fibrils were formed not as a result of proto-fibril coiling, but rather as
a result of a lateral aggregation or small fibril blocks (10 × 60 nm). This aggregation mecha‐
nism will be further discussed in the last section of this chapter. This type (side-by-side) of
aggregation was also proposed as the origin of binary, tape-like ribbons that were also
observed upon insulin aggregation. Finally, authors observed that many insulin fibrils formed
from small (~150 nm in length) subunits that are linearly extend one other. Based on this
observation, Jansen et al. proposed that insulin fibrils can assemble via chainlike quenching
of these subunits.

Human amylin is a 3.9 kDa protein secreted by islet β-cells of the pancreas. Together with
insulin, it is involved in glucose metabolism. Amylin fibril aggregates are toxic and strongly
associated with diabetes type II. Upon invitro aggregation at neutral pH (7.4), amylin forms
thin proto-fibrils, which are around 5 nm in width and tend to aggregate further, forming two
morphologically distinct polymorphs. In one case, proto-fibrils intertwine (coil), and form
cable-like structures 8–10 nm in width with a distinct left-handed twist with a crossover of 25
nm. These cable-like structures could coil further, forming thick left-handed cables with larger
widths. In addition, the height of these twisted fibrils has been determined. It has been shown
that it varies from 3 (proto-fibrils) to 7 nm mature fibril cables [63]. Alternatively, three, four,
or more proto-fibrils could aggregate side-by-side, forming flat, single-layer ribbons.
Intriguing that the ribbons also twist at moderate regular intervals in a left-handed fashion
[31]. Based on these observations, Goldsbury et al. proposed that amylin fibril polymor‐
phism originated from different ways of proto-fibril associations, while all observed fibril
polymorphs have the same structure [64]. There was no clear understanding about the nature
of a force that determined the formation of either type of those polymorphs. Three years later,
Goldsbury et al. investigated aggregation of the full-length amylin (37 amino acids) and two
fragments of amylin: 8–37 and 20–29. It was found that 20–29 fragment formed exclusively
flat-ribbons, which were around 40 nm in width. However, 8–37 fragment, similar to the full-
length amylin, formed fibril polymorphs with variable morphologies. Most of them were left-
handed cables with 25 or 50 nm cross-over and flat-like ribbons [32]. Thus, based on this
observation, authors proposed that peptide sequence was directly responsible for the
determination of the fibril morphology.

2.5.1. Changes in supramolecular chirality upon fibril disintegration

Recently, Kurouski et al. explored how supramolecular architecture of insulin fibrils could be
changed by bacterial chaperonins. The interactions of heat shock proteins with amyloid fibrils
have drawn significant attention in recently years. However, most of these studies focused on
one group of heat shock proteins with small molecular mass, so called small heat shock
proteins [65–67]. Many small heat shock proteins have been reported to disassemble fibrils or
prevent the fibrillation process in vitro [68].
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Kurouski et al. investigated the effect on the mutant chaperonin complex from Pyrococcusfur‐
iosus (Pf) on insulin fibrils [69]. This chaperonin (Cpn) was composed of identical subunits and
commonly found in most hyperthermophiles [70]. Cpn was mutated to reach its optimum
activity below 50°C. Using AFM, Kurouski et al. found that after 5 min of incubation of insulin
fibrils with Cpn, fibrils were found fragmented (Figure 11) [69].

Figure 11. AFM kinetic examination of the insulin fibrils (Fibrils) mixed with Cpn and deposited right away (Fibrils +
Cpn), five (5 min later) and half an hour (30 min later) later on mica surface. Immediately upon mixing, Cpn absorb on
the fibril surfaces (shown with red arrow). As a result of these Cpn-Fibril interactions the last swell and break apart (5
min later). Even some fibril fragments that are evident on the early microscopic examination (5 min later) disappear
after 30 min (30 min later). The scale bar is 1 μm [69].

The foreshortened fibrils looked like swollen clamps with significantly lower height (~6 nm)
and width up to 200–400 nm. Interestingly, white image features on the edges of these clamps
mimicked the outline of the original fibrils. Most likely they were fibrillar regions that were
not melted by Cpn because the reaction was quickly terminated. These observations con‐
firmed that Cpn was able to change the fibril architecture. Kurouski et al. concluded that Cpn
melted the fibril core and formed an amorphous protein mass from regular β-sheet structure.
Microscopic observations of this phenomenon also indicated a fibril swelling. Authors also
found that longer exposure of insulin fibrils to Cpn resulted in their further fragmentation into
smaller and smaller species with irregular shapes. These species coagulated during late stages,
forming large amorphous aggregates. Most of the fibril-shaped species disappeared and
predominantly amorphous objects form after 30 min of Cpn-fibril co-incubation were
observed (Figure 11) [69].

In this section, supramolecular organization of amyloid fibrils that were formed by most of
known amyloid-associated proteins was discussed. It was shown that an aggregation of these
proteins may result in either flat, left- or right-twisted fibrils. Very often several different fibril
polymorphs can be grown simultaneously. Numerous research findings indicate that fibril
polymorphism can be controlled by pH. At the same time, there are several studies which
showed that amino acid sequence can determine supramolecular organization of amyloid
fibrils. This section also demonstrated that microscopy can be utilized to monitor changes in
the fibril morphology during fibril formation. Moreover, microscopy can be used to monitor
changes in the structure of mature fibrils, which can be initiated by chemical or physical factors,
or triggered by biological molecules, such as chaperonins. Based on these finding one can
envision that amyloid fibrils are dynamic rather than static thermodynamic systems and that
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small change in pH or salinity may change fibril morphology or aggregation state of fibrils at
the interfaces.

3. Vibrational circular dichroism a unique tool for the determination of
fibril supramolecular organization

VCD is a unique spectroscopic technique that is capable of probing supramolecular chirality
of amyloid fibrils [19, 42, 71]. In VCD, left (L)- and right (R)-circularly polarized infra-red (IR)
light pass through the sample. It is well known that solutions of two enantiomers have different
absorption of left- vs right-circularly polarized light. This physical principle is used to
determine the absolute configuration or small chiral molecules, as well as to unravel supra‐
molecular organization of macromolecules. VCD probes deeper levels of fibril supramolecu‐
lar chiral organization that may not be apparent to existing forms of microscopy [8]. It was
also shown that enhanced VCD sensitivity arose directly from the long-range supramolecu‐
lar chirality of fibril structures at all hierarchical levels [11]. Measey and Schweitzer-Stenner
modeled VCD spectra of a fibril filament that had only two peptide units long, run perpen‐
dicular to the filament axis direction [72]. The model was based on exciton coupling among
amide I transition dipoles arrayed as dual, stacked β-sheet ribbons. They introduced a 2° left-
hand twist between the strands yielding a long-range gradual helical twist of the filament with
a one full-turn distance of 180 strands. It was found that such a structure yields enhanced VCD
with a negative VCD band near 1620 cm–1 and a positive VCD band to higher wavenumber
frequencies. A corresponding 2° intrastrand helical twist in the opposite direction, corre‐
sponding to a right-hand helical filament, reversed the sign of the enhanced VCD couplet and
corresponds to the reversed VCD. This theoretical work demonstrated that VCD directly was
capable of a determination of the supramolecular chiral organization of fibril filaments.

Recently, it has been found that insulin aggregation at pH 2.1 and higher results in the
formation of fibrils that show a strong VCD spectrum with peaks near 1554, 1593, 1627, 1647,
1670 cm–1 that have (+ + – + +) sign pattern [42]. The fibril VCD spectrum with this sign patters
was called “normal VCD.” Microscopic examination of these fibrils indicated that a majority
of them had a left-handed helical twist [8]. However, if the pH of the aggregation solution is
lower than 2.4, the distribution of fibrils shifts to increasingly flat, tape-like, or binary fibrils
as the incubation pH continues to be lowered that under microscopic examination show no
noticeable chirality or twist on their surface. Nevertheless, these fibrils show a strong, but often
somewhat smaller, VCD with a sign pattern (− – + – −) that is nearly the mirror-image of
“normal” VCD fibril spectrum and is referred to as the “reversed” polymorph. The fact that
flat tape-like fibrils show a strong reversed VCD signal indicates that they must be com‐
posed of right-handed filaments, the chirality of which lies below the limit of AFM or SEM
detection. The combined VCD-microscopic studies showed that pH determines not only the
net handedness of the filaments, precursors of mature fibrils, but also controls their associa‐
tion pathways. Left-handed filaments intertwine, forming left-handed proto-fibrils and
mature fibrils that have normal VCD. On the other hand, right-handed filaments associate
side-by-side, forming flat, tape-like, or binary fibrils. Thus, pH most likely alters protein-
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solvent interactions or causes protonation of some amino acid side chains, which are lying on
the surface of the filaments. These changes cause variations in the way these filaments bind
together to form mature fibrils that either twist together to form braids or align side-by-side
without braiding. In addition, it was discovered that pH not only determines insulin fibril
morphology and net chirality at the stage of the protein aggregation, but also may dramati‐
cally change the morphology of mature fibrils and overturn their initial chirality.

Most likely, the sensitivity of amino-acid side chains to the aqueous solvent is responsible for
this pH sensitivity. Moreover, different ways of constituent side-chains, exposed or not to the
solvent, result in different pH sensitivity (high versus low) for the sense of filament chirality
observed. This is a long-range fibril property that likely cannot be predicted, even qualitative‐
ly, without a realistic model of protein side chain influence on the sense of helical chirality as
a function of pH. Moreover, the chirality of individual fibril filaments lies below the sensitiv‐
ity of AFM or SEM imaging, but can be observed with VCD at the initial and subsequent stages
of fibril formation [11].

A growing body of literature indicates that VCD has become a useful tool for the chiral
characterization of amyloid aggregates. For example, Measey and Schweitzer-Stenner recently
reported a large enhancement of VCD upon aggregation of short polypeptides [73]. They also
demonstrated that mature fibrils formed from the N-terminal peptide fragment of the yeast
prion protein, Sup35, and the amyloidogenic alanine-rich peptide AKY8 have opposite signed
VCD. It has been also demonstrated that opposite signed VCD spectra could be obtained for
mature fibrils formed from poly-L or -D glutamic acid [74]. Polyglutamic acid formed spiral‐
ly twisted aggregates with handedness determined by the amino acid chirality (left-handed
for Land right-handed for D).

4. Models of amyloid fibril formation

Accumulated experimental evidence suggested three protein aggregation pathways that lead
to the discussed above morphological heterogeneity of amyloid fibrils. According to the first
one, fibril polymorphism could be caused by deviations at the stage of monomer-monomer
associations, while protein oligomers are formed [75]. Consequently, these structurally
different oligomers will lead to structurally and morphologically different fibrils. For exam‐
ple, Srinivasan et al. recently investigated morphologies and structural organization of
prefibrilar oligomers and mature fibrils formed from two murine serum amyloid A (SAA)
isoforms, named SAA1.1 and SAA2.2 [75]. These two isoforms only have a difference in six
amino acids [76]. SAA1.1 had an oligomer-rich fibrillation lag phase of a few days, while
SAA2.2 formed small fibrils within a few hours, exhibiting virtually no lag phase [77].
Structural differences of SAA 1.1 and SAA 2.2 resulted in morphological differences of their
filaments and consequently fibrils. Specifically, SAA 2.2 formed worm-like filaments that were
able to coil and braid. At the same time, the filaments and proto-fibrils of SAA 1.1 had a rod-
like supramolecular organization. They were unable to braid and formed thick straight fibrils.
Using CD and Raman spectroscopy Srinivasan et al. confirmed structural differences be‐
tween SAA 1.1 and SAA 2.2 oligomers and fibrils.
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Scheme 1. Models of amyloid fibril formation. Differences in the morphology of mature fibrils can be caused by differ‐
ent ways of protein-protein aggregation on the stage of fibril oligomers’ formation (A). Alternatively, protein aggrega‐
tion leads to the formation of a filament that is able to intertwine forming twisted fibrils, or associate side-by-side (B).
In the late case, tape-like fibrils are formed. Adapted from Srinivasan et al. [77] and Kurouski et al. [11].

Alternatively, the heterogeneity of fibril morphologies could be due to different ways of
filament associations. Specifically, fibril filaments can either braid and coil or associate side-
by-side, forming twisted or tape-like fibrils, respectively (Scheme 1B). These morphological‐
ly different fibrils will consequently have the same structure [8, 11]. Recently, Kurouski et al.
investigated polymorphism of insulin, lysozyme, apo-α-lactalbumin, HET-s (218–289) prion,
and a short polypeptide fragment of transtherytin, TTR (105–115). Authors demonstrated that
all these proteins form two distinct fibril polymorphs: tape-like and twisted. They have also
found that pH directly controls which polymorph will be formed. Using IR and Raman
spectroscopy it has been demonstrated that both tape-like and twisted fibril polymorphs have
the same secondary structure [11].

Besides braiding and side-by-side association, filament propagation can occur via several
alternative pathways. According to Jansen et al. filament fragmentation may result in short
filament fragments that serve as templates for lateral rather than axial protein aggregation [62].
As a result, short fibril blocks are formed (Scheme 2A). These blocks tend to associate side-by-
side forming the fibril that has a right-handed twist upon the microscopic examination.
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Scheme 2. Models of amyloid filament propagation. Mechanism of side-driven templation (A) and super-coiling of
left-twisted fibril filament that leads to the appearance of a right-handed twist on the mature fibril (B). Adapted from
R. Jansen et al. [62] and Usov et al. [53].

Separately, Usov et al. proposed two additional mechanisms that resulted in formation of
morphologically different fibril polymorphs [53]. According to one, the left-twisted filament
may continue twisting along the longitude axis. As a result, a hollow tube-like protein
aggregate will be formed. Alternatively, it has been proposed that the left-twisted fibril
filament may flip the handedness of its twist, as was discussed in the Section 2.5.

Summarizing, this chapter aimed to demonstrate how microscopy, including electron and
probe microscopy, can be utilized to investigate supramolecular organization of amyloid
aggregates. It demonstrated that microscopy was capable of elucidating mechanisms of fibril
formation and unraveling the origin of fibril polymorphism. It was also shown that using AFM,
SEM, and cryo-SEM, chiral nature of fibril supramolecular organization can be determined.
The author also wanted to attract reader’s attention to VCD. This powerful spectroscopic tool
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is capable of probing supramolecular chirality of fibril filaments that may to always be
accessible for currently available microscopic techniques.

This chapter reviewed supramolecular organization of amyloid fibrils formed by almost all
known amyloidogenic proteins, including amyloid β, α-synuclein, tau, insulin, and lyso‐
zyme proteins. It demonstrated how physical and chemical factors could change morpholo‐
gy of fibril aggregates at the stage of their formation. It was also shown how these factors, as
well as chaperonins, could change the supramolecular organization of already grown fibrils.

One should note that microscopy itself often may not be sufficient for the determination of
fibril structure. Therefore, microscopy is often used with numerous spectroscopic techni‐
ques, such as ss-NMR, Raman, and IR spectroscopy. These techniques allow for the determi‐
nation of ψ and φ angles of the peptide backbone, which is necessary to fully elucidate the
structure of the fibril cross-β core.
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Abstract

Although the formation mechanism of amyloid fibrils in bodies is still debated, it has
recently been reported how amyloid fibrils can be formed in vitro. Accordingly, we have
gained a better understanding of the self-assembly mechanism and intrinsic proper‐
ties of amyloid fibrils. Because the structure of amyloid fibrils consists of nanoscaled
insoluble strands (a few nanometers in diameter and micrometers long), a special tool
is needed to study amyloid fibrils at length. Atomic force microscopy (AFM) is supposed
to  be  a  versatile  toolkit  to  probe  such  a  tiny  biomolecule.  The  physical/chemical
properties of amyloid fibrils have been explored by AFM. In particular, AFM enables
the visualization of amyloid fibrillation with different incubation times as well as the
concentrations of the formed amyloid fibrils as affected by fibril diameters and lengths.
Very recently, the minute structural changes and/or electrical properties of amyloid
fibrils have been made by using advanced AFM techniques including dynamic liquid
AFM, PeakForce QNM (quantitative nanomechanical mapping), and Kelvin probe force
microscopy (KPFM).  Herein,  we summarize the biophysical  properties  of  amyloid
fibrils that are newly discovered with the help of those advanced AFM techniques and
suggest our perspectives and future directions for the study of amyloid fibrils.

Keywords: amyloid fibril, biophysical property, atomic force microscopy (AFM), Kel‐
vin probe force microscopy (KPFM), PeakForce QNM (quantitative nanomechanical
mapping)
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1. Introduction

Proteins and peptides can be transformed under some physiological conditions from their
soluble forms into highly ordered fibrous aggregates, which are called “amyloid fibrils” [1–3].
Amyloid fibrils can be deposited in the tissues and organs in the human body, resulting in the
generation of degenerative diseases such as Alzheimer’s, Parkinson’s, Creutzfeldt-Jakob’s, and
Huntington’s diseases depending on specific sequences of proteins or peptides [4, 5]. On the
other hand, the amyloid fibrils have often been exploited for functional roles (e.g., extracellu‐
lar matrix) by living creatures [6–8]. These amyloid fibrils, commonly known as functional
amyloid, are found in bacteria, fungi, insects, invertebrates, and humans. Because of their unique
mechanical and biological properties, amyloid fibrils had been used in a variety of organisms
as a bacterial coatings, scaffolds, biofilm, information storage and transfer, natural adhesives,
and structures for the storage of peptide hormones [7–11]. Although the precise formation
mechanism of amyloid fibrils and their pathological/functional behaviors in bodies are still
controversial, it has been reported how amyloid fibrils can be formed in vitro, allowing us to
understand the fibrillation mechanism and/or the intrinsic properties of the fibrils [12]. Because
these fibrils have a distinctive structure that consists of β-sheets that are perpendicularly stacked
in thousands of units, aggregating to a few nanometers in diameter and several micrometers in
length, a special tool is required to study the conformational (structural) changes of amyloid
fibrils in various microenvironments. To investigate the structural changes of amyloid fibrils,
many technical  tools  such as  fluorescence microscopy with Congo red and thioflavin-T,
transmission electron microscopy (TEM), X-ray diffraction, and nuclear magnetic resonance
(NMR) have been used [13, 14]. Recently, atomic force microscopy (AFM) is a good candidate
for characterizing such a thin fibrous material via high-resolution imaging of the molecular
structure and interactions. A sharp stylus mounted at the end of a flexible cantilever is used to
probe the amyloid fibrils placed on a piezoelectric scanner which controls the cantilever on the
sample in the horizontal (x and y) and vertical (z) axis (Figure 1). The deflection of the cantile‐
ver as a result of the interactions (such as van der Waals forces, capillary forces, chemical bonding,
and electrostatic forces) between the tip and the sample on substrate is converted into a laser
beam reflected on the back of the cantilever. In this system, laser light from diode reflects off the
back of the cantilever, and it is recorded as the amplified signal by a position-sensitive detec‐
tor (PSD), which reconstructs the molecular structure or interactions of amyloid fibrils. AFM
has its  advantages,  for example,  the convenience to prepare a sample,  working at  room
temperature and atmospheric pressure, and high-resolution imaging at the single-molecule
level, allowing for measuring the physical/chemical properties of amyloid fibrils. In particu‐
lar, AFM enables scanning to follow the morphological changes of amyloid fibrils in liquid
environments,  which is powerful as it  permits us to visualize amyloid fibrillation under
physiological conditions [15]. Recent in vitro studies of amyloid fibrils have demonstrated time-
lapse AFM imaging of amyloid fibrillation with different incubation times and concentrations
under physiological conditions [16]. Much more recently, AFM application techniques that lie
beyond its primary function (i.e., high-resolution imaging) have shown that abundant infor‐
mation of amyloid fibrils can now be accessible. For instance, PeakForce QNM (quantitative
nanomechanical  mapping)  and KPFM (Kelvin probe force  microscopy)  are,  respectively,
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beginning to be used to map mechanical properties and to measure the surface charge of amyloid
fibrils. Consequently, some unprecedented characteristics (e.g., minute structural changes and/
or electrical properties) of amyloid fibrils have been investigated, providing a better under‐
standing of amyloid fibrils [17–23]. In this chapter, we introduce the advanced AFM applica‐
tion methods (i.e., dynamic liquid AFM, PeakForce QNM, and KPFM) for measuring amyloid
fibril’s features that could not be accessed by conventional AFM technique and summarize the
newly discovered biophysical properties of amyloid fibrils with the advanced AFM techni‐
ques and suggest our perspectives and future directions for characterizing amyloid fibrils.

Figure 1. Schematic diagram of the principle of AFM.

2. Imaging of self-assembled amyloid fibrils in liquid environments

Amyloid fibrils are protein aggregates arising from misfolded proteins, transformed to β-
sheet-rich and insoluble fibrils, which can be tangled and deposited in tissues and organs [2].
Characterizing the structure of amyloid fibrils can provide some critical clues about the
mechanism of fibrogenesis and accordingly the pathological/functional roles of the fibrils. So
far a variety of instruments (e.g., light, X-ray scattering, and NMR) [24, 25] and microscopic
methods (e.g., fluorescence microscopy with Congo red and thioflavin-T [26, 27], TEM, and
scanning electron microscopy (SEM) [14]) had been used to explore the structure of amyloid
fibrils. Although many research results about the structure of amyloid fibrils had been reported
by using those tools and/or methods, a fully comprehensive investigation of the self-assembly
behavior and structure of various amyloid fibrils has not yet been conducted. AFM provides
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additional capabilities and advantages relative to other microscopic methods. For example, it
can directly show and measure the structure of an individual fibril. In addition, it is easy to
prepare a sample and to get high-resolution imaging at the single-molecule level, allowing for
measuring the physical/chemical properties of amyloid fibrils. Furthermore, AFM can scan the
conformational changes of amyloid fibrils in a liquid environment, which is powerful to
visualize and measure amyloid fibrillation under physiological conditions.

2.1. Conventional AFM imaging techniques for amyloid fibrils

Since AFM was invented in the 1980s, it has widely been used as a versatile tool for direct
imaging of nano/biomolecules and measuring molecular interactions at the single-molecule
level [28–33]. In amyloid research, it has been reported that AFM is used to elucidate the fibril
formation mechanism and to monitor kinetics and morphology of amyloid fibrils such as α-
synuclein, insulin, and the B1 domain of protein G, a base model for immunoglobulin light-
chain variable domains related with fibrils [34]. For AFM imaging, the fibrils were deposited
on a freshly cleaved mica substrate. AFM images were collected in air under ambient condi‐
tions at a scan frequency of 1–2 Hz. From the analysis of AFM images, all fibrils (α-synuclein,
insulin, and the B1 domain of protein G) are in correspondence with the general hierarchical
assembly model, like amyloid-β (Aβ; 1–40 and 1–42), with which mature amyloid fibrils are
formed by the intertwining of protofibrils. When first aggregated into protofibrils, the
measured heights (i.e., fibril diameters) range from 1.2 to 3.5 nm. The structural information
of the fibrils such as the fibril diameter and contour length depends on the protein species.
Several protofibrils can pack together to form a mature fibril (5.2 ± 0.3 nm in height).

It has been reported that different stages of amyloid aggregation (i.e., hierarchy) can be
examined by conducting a statistical analysis of acquired high-resolution AFM images [35].
β-Lactoglobulin (β-lg) fibrils are synthesized in vitro by heat denaturation at pH 2. It was
shown that the β-lg amyloid-like fibrils are considered to be a semiflexible fibril structure
(Figure 2). This means that the globular proteins (β-lg monomer) can be transformed into
semiflexible fibrillary structures. The average height and contour length of β-lg fibrils were
precisely measured by performing a statistical analysis on the AFM images. Each fibril has
contour lengths in the range of 50 nm to 10 μm with a persistence length ranging from 16 nm
to 1.6 μm. These distinct structural information of fibrils make them ideal model systems for
the study of semiflexible polymers [36]. In that study, valuable structural information con‐
cerning individual fibrils in AFM images was produced, such as splitting or thinning of fibrils
and even periodic height fluctuations of the fibrils. The periodic fluctuations in height provide
a highly important clue about the packing of the protofibrils to form mature fibrils. Figure 2
presents AFM images of fibrils with four different periods ranging from 35 to 135 nm,
corresponding to average heights of fibrils ranging from 4 to 10 nm, respectively. Thus, the
periodicity is found to increase linearly with the height of the fibrils. These hierarchical
structures of β-lg fibrils can be represented from single to five-stranded packed twisted ribbon,
helix-like structures, which can be compared with dynamic simulations using a coarse-grain
molecular model.
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Figure 2. Different periods of β-lactoglobulin fibrils. (a) AFM height image of fibrils with a period of 35 nm (for fibrils
with a maximum height of 4 nm), 75 nm (maximum height, 6 nm), and 100 nm (maximum height, 8 nm). (b) Example
of a fibril with a period of 135 nm and a maximum height of 10 nm. (c) AFM images and corresponding coarse-grain
molecular dynamics reconstructions of left-handed helical fibril formation from the twisting of multistranded ribbons,
with the number of filaments ranging between 1 and 5. Figures reproduced with permission from Ref. [35], © 2010
NPG.

It is highly important to study initial fibrillation of amyloid proteins for developing an
inhibition method for amyloid fibrils and plaques. Although attempts with many conventional
methods such as fluorescent assays with dye and optical spectroscopy had been reported,
insight into the mechanisms of formation of initial fibrils at the molecular level has yet to
provide clarity. To address that issue, AFM techniques can investigate growing fibrils in
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greater detail. Figure 3 shows topological images of the β-lg fibrils acquired after 30 and 45 min
incubation [37]. As the incubation time was increased, the contour length of fibrils increased
in the range from 520 to 860 nm. The two-filament packed structure was only observed after
a heating time of 30 min. But after a heating time of 45 min, fibrils of more than two filaments
were observed. From those results, AFM analysis can provide us with some significant
structural information not only topological images but also details such as height, contour
length, and periodicity from fluctuations along the fibril length. In addition, it can show the
formation characteristics of amyloid fibrils, including the critical steps driven by nucleation
and growth of individual fibrils. These findings from the use of AFM imaging may help
researchers gain understanding of the origin of fibrils and may assist with the development
of therapeutic treatments for degenerative diseases that are generated by many different
amyloidogenic proteins.

Figure 3. AFM height images of heated β-lactoglobulin at pH 2 and 90°C for the heating time of (a and b) 30 min and (c
and d) 45 min. Figures reproduced with permission from Ref. [37], © 2011 The Royal Society of Chemistry.

2.2. Advantages of AFM imaging of amyloid fibrils in liquid environments

As we mentioned above, AFM imaging of amyloid fibrils is strong advantageous not only in
the characterization of the structure of amyloid fibrils but also for the observation of initial
fibrillation of amyloidogenic proteins. These investigations of amyloid fibrils in ambient
atmospheric conditions by AFM imaging yield the basic understandings of the characteristics
of amyloid fibrils, but all of these processes (such as fibrillation and conformation changes)
actually take place in a liquid environment (i.e., in human body fluid). In addition, the
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formation of amyloid fibrils continuously occurs in the human body, not discretely, which is
why liquid AFM is particularly important to more precisely and continuously observe to fibrils
in comparing with conventional AFM.

In the research field of amyloid fibril, real-time monitoring of fibril growth is necessary to
investigate the mechanism of amyloid fibril formation. It has been reported that the direct
observation of fibrillation of Aβ peptide on different substrates is achieved by using in situ
AFM analysis in a liquid environment [15]. They used two types of substrate: hydrophilic mica
and hydrophobic graphite. Hydrophilic mica can be considered a model of the hydrophilic
components of cell membranes such as anionic phospholipids. The hydrophobic graphite may
be used as a model of hydrophobic elements of cell membrane (e.g., lipid bilayers and
lipoprotein particles), in which elements Aβ peptide can localize in both plasma and cerebro‐
spinal fluid in vivo. An in situ AFM study of Aβ fibril aggregation was followed by continuous
imaging in phosphate-buffered saline (pH 7.4, protein concentration 10–500 mM). Aβ peptides
initially were formed with pseudomicellar aggregates and then tend to form linear structures,
such as protofibrils, as the Aβ concentration was increased on the hydrophilic mica substrate.
However, Aβ peptides were formed with elongated sheets structures on the hydrophobic
graphite substrate. This difference by substrates is the distinguishable characteristics between
β-sheets and α-helices. These studies show that an in situ AFM study is able to directly observe
not only the amyloid aggregation in physiological fluids but also fibrillation driven by
interactions at the interface of hydrophilic and hydrophobic substrates. It may be helpful to
understand the mechanism of formation of Aβ fibrils in membranes and lipoprotein particles
in vivo.

AFM has been employed not only to study the formation of amyloid fibrils in vitro but also to
investigate ex vivo amyloid material isolated from organs, specifically hearts, of patients. The
AFM analysis of natural amyloid fibrils produced by the Leu174Ser apolipoprotein A-I variant
(ApoA-I-LS) has been reported. ApoA-I-LS amyloid fibrils were obtained from two different
patients, and conformational changes of the fibrils in both air and liquid environments were
measured [38]. The fibrils from both patients were identified by small-angle X-ray diffraction
patterns, indicative of residual α-helical structure. In a liquid environment, it was observed
that amyloid fibrils show poor adhesion properties on a mica substrate. But, from acquired
AFM images, it was found that globular aggregates were easily adsorbed on mica. These results
revealed the existence of fibrils as well as pre-fibrillar aggregates, with common morphologies
and compatible sizes of fibrils and globules for both patients.

In addition, AFM imaging in a liquid environment is able to reveal unique and intrinsic
properties of amyloid fibrils, which cannot be seen by any other method. It has been reported
that the conformations of C-terminal tails outside of the α-synuclein amyloid fibrils are variable
depending on environmental conditions by using structural information from liquid AFM
imaging, as in Figure 4 [39]. They suggested that the exposed C-terminus is unstructured and
looks like a polymer bush and that the strongly negatively charged C-terminus has various
functions and conformations with different ion concentrations (i.e., in the range of 0–5 M NaCl).
It was also observed that the height of α-synuclein fibrils imaged in air appears to be about
17% lower than those of the same fibrils imaged in a liquid environment. This phenomenon is
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attributed to the collapse of C-terminus depending on the drying of the fibrils. Measuring the
conformational changes of the C-terminus in amyloid fibrils by AFM imaging sheds light on
the estimation of the transformation of the exterior structures of amyloid fibrils.

Figure 4. (a) Schematic representation of a fibril with stacked β-sheet folded monomers perpendicular to the fibril axis
and an unstructured C-terminus outside the fibril. (b) Different conformations of C-terminal tails outside the fibril core
in liquid conditions with different ion concentrations and in ambient air. Figure reproduced with permission Ref. [39],
© 2012 American Chemical Society.

3. PeakForce QNM (quantitative nanomechanical mapping) of amyloid
fibrils

Amyloid fibrils have been known as β-sheet-rich structures, which are consisted with dense
hydrogen-bonding networks [40]. The self-assembly aggregates can be formed with stack‐
ings of several hundreds to thousands of cross β-sheet units, a few nanometers in diameter,
and several micrometers in length. Such hierarchical structure of fibrils is highly related to
pathological meanings as well as to functional features due to their marvelous mechanical
properties, which are comparable to those of silk and/or steel [13, 41]. Characterization of
biophysical properties of amyloid fibrils has significant implications ranging from applica‐
tion to medicines and engineering for designing amyloid-based nanomaterials. To measure
biophysical properties of amyloid fibrils, although in recent decades many research results
had been reported that had been obtained by using various techniques such as optical, mag‐
netic tweezer and dynamic mechanical analysis [13], AFM techniques are commonly used
for both manipulation at the single-molecule level and force spectroscopy of nanomaterials
(i.e., amyloid fibrils). Moreover, AFM nanoindentation has been used to study nanomechan‐
ics of amyloid fibrils [42].
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AFM nanoindentation is performed by mapping force-distance (F-D) curve on the region of
interest in the sample [43, 44]. F-D curve measurement is based on the deflection theory of a
cantilever beam and the contact mechanics. The degree of nanomechanical deflection of AFM
cantilever originated from the physical interactions between the AFM tip and the sample can
be converted to the applied forces to the cantilever. When F-D curve records, the cantilever
approaches and indents the sample until a certain predefined force is reached, and then the
cantilever is retracted. During the approach and retract cycle, the force is continuously
measured, which is a F-D curve for one point of the sample (Figure 5). The mechanical
properties such as Young’s modulus, adhesion force, and deformation energies of amyloid
fibrils can be determined directly from the recorded data (F-D curve) by AFM nanoindentation.
In particular, to extract the accurate Young’s modulus of the sample from F-D curves, contact
mechanics theory is used. There are three different types of representative contact mechanics
models (Hertz, DMT, and JKR) depending on either the type of sample or the structure of AFM
tip [18]. The Hertz model presumes a nonadhesive contact between the tip and the sample,
while the Derjaguin-Muller-Toporov (DMT) and Johnson-Kendall-Roberts (JKR) models are
considered to be adhesive materials. DMT model further includes the extra constant adhesion
term, which indicates the adhesive force outside the contact area. The JKR model demonstrates
the adhesion forces inside the contact area between the tip and the sample. Those model
equations are as follows:

where F is the force, δ is the AFM indentation depth (distance), R is the radius of cantilever
tip, E* is the reduced elastic modulus, and γ is the work of adhesion. E* is calculated by the
relationship between the elastic modulus and Poisson ratio of AFM cantilever (Ei, νi) and
sample (Em, νm).
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Figure 5. The schematic illustration of F-D curve acquisition process during AFM nanoindentation. Approach (blue)
and retraction (red) F-D curves. Illustration depicts the cantilever approaching to and retracting from the sample as
follows: (1) approaching, (2) initial contact, and (3) repulsive contact. (4) Adhesion and (5) noncontact regimes record‐
ed upon retracting the cantilever and sample.

In recent decades, to measure the physical properties of amyloid fibrils more precisely and
quantitatively, PeakForce QNM technique has been developed. PeakForce QNM is a robust F-
D curve mapping technique, which is beneficial for soft delicate biological samples. It is able
to map and distinguish between nanomechanical features, including the DMT modulus (1 kPa
to 100 GPa), adhesion, energy dissipation, and deformation by utilizing PeakForce tapping
technology [45, 46]. It can acquire high-resolution topographic images and simultaneously
collect a quantitative mapping of the intrinsic mechanical properties of amyloid fibril.

3.1. Principle of PeakForce QNM

PeakForce tapping is one of the scanning modes, which is especially suited to applications to
the measurement of mechanical properties of biological samples [18]. In this mode, the probe
is oscillated at a low frequency (1–2 kHz), while capturing a force-distance curve (F-D curve)
plots each time the AFM probe taps on the sample by directly controlling the probe-sample
interaction. To describe the details, one cycle of the PeakForce tapping trajectory is shown in
Figure 6a [17]. During the approach to the sample, the probe begins (A) with a noncontact
force (i.e., attractive force) until contact on the sample. The Z piezo presses it downward until
the probe contacts the sample (B); the probe continuously presses until the probe reaches the
setpoint (i.e., maximum force) (C). The setpoint, which is one of the parameters of the probe-
sample interaction, is used during AFM topography. After reaching the peak force at point C,
the tip is pulled off the surface at point D, which means maximum adhesion. Finally, the curve
levels and the probe tip returns to its original position (E).

Accurate controlling of the probe position and feedback permits calculation of several
properties from the F-D curve produced by the direct measurements simultaneously at each
pixel in Figure 6b. From this curve, the peak force is measured at point C, which is used as the
imaging feedback signal. As the probe is scanned over the surface, this signal produces a
topological image. Adhesion force is measured at D, which is calculated as the force difference
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between the baseline and the minimum force value of the curve. Simultaneously, Young’s
modulus is obtained by fitting the DMT contact mechanics model to the retraction curve (at
points C to D). The dissipation information is obtained by integrating the area between the
extension and retraction curves and the deformation of the sample is calculated as the distance
between the contact point on the adhesion curve and the maximum indentation. This unique
technique is called PeakForce QNM. Compared to a typical AFM imaging method, PeakForce
QNM can simultaneously yield high-resolution AFM imaging with quantitative mechanical
property mapping. PeakForce QNM has recently emerged as a means of measuring the
intrinsic and biophysical properties of nanomaterials [47], including amyloid fibrils [17, 19].
The following section will discuss the mapping the mechanical properties of amyloid fibrils
by PeakForce QNM.

Figure 6. Principle of PeakForce QNM operation. (a) One cycle of the PeakForce tapping curve. (b) Calculation of the
different peak force channels. Figure reproduced with permission Ref. [17], © 2011 AIP.

3.2. Mapping the mechanical properties of amyloid fibrils by PeakForce QNM

In the folding process, synthesized peptide chains can be transformed into three-dimensional
protein structure, which has diverse functions in biological organism, through intermolecular
interactions such as hydrogen and hydrophobic bonding [3, 48]. The proteins have intrinsic
mechanical properties depending on the specific amino acid sequence, lengths, and complex
environments. Meanwhile, misfolded proteins, commonly known as “amyloid protein,” can
be transformed into β-sheet-rich fibrillary structure (i.e., amyloid fibril) during fibrillation
process. Amyloid fibrils have tremendous mechanical properties (a few GPa), implying a
comparatively high stiffness. Moreover, it displays structural polymorphism, including
twisted ribbons, helical ribbons, and nanotube structure [19], which is supposed to show a
difference in mechanical properties. Amyloid species (amyloid proteins and fibrils) can be
accumulated and deposited in the human body, which is associated with proteoglycans, in
particular, heparan sulfate proteoglycans [48, 49]. These findings raise the question about the
underpinning nature of the correlation between the mechanical properties of amyloid fibrils
and its pathological roles in living systems as well as the use of fibrils as nanoscale materials.

PeakForce QNM has emerged as mechanical property mapping variant of AFM nanoinden‐
tation that had been used for several decades. PeakForce QNM has been used to measure the
Young’s modulus of β-lg fibrils deposited on mica [17]. It is of importance to measure the
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mechanical properties of β-lg fibrils because they have been used to make new nanomaterials
by mixing with nanoparticles and nanowires for applications in various research fields. Using
PeakForce QNM, the average height of the fibrils was measured to be 2.5 ± 0.5 nm and DMT
modulus images were concurrently acquired. The Young’s modulus of β-lg fibrils was
estimated to be 3.7 ± 1.1 GPa. This result from PeakForce QNM analysis is similar to that of a
previously reported Young’s modulus of insulin fibrils (~3.3 GPa).

Amyloid fibrils can be generally formed with many different proteins such as Aβ (1–42), α-
synuclein, albumin, etc., which have pathological and functional meanings. These fibrils often
exhibit structural polymorphism due to interweaving of the several protofibrils. It has been
demonstrated that amyloid fibrils appear in various structures such as ribbon-like and
nanotube-like packed fibrils. PeakForce can precisely measure the Young’s moduli of several
amyloid fibrils, assembled from α-synuclein, Aβ (1–42), tau protein, insulin, β-lg, lysozyme,
ovalbumin, and bovine serum albumin fibrils, as in Figure 7 [19]. In addition, it demonstrated
that PeakForce QNM can provide us some clues regarding structural polymorphism of
amyloid fibrils by the exact estimation of Young’s modulus. The measured Young’s modulus
values are twisted ribbon structure, 2.3 ± 0.6 GPa, and helical ribbon and nanotube structures,

Figure 7. AFM height image of (a) twisted ribbon, (d) helical ribbon, and (g) nanotube-like structures of the end-cap‐
ped heptapeptide CH3CONH-βAβAKLVFF-CONH2. AFM DMT modulus image of (b) twisted ribbon, (e) helical rib‐
bon, and (h) nanotube-like structures. The dashed lines mark the positions at which the DMT modulus was analyzed.
Profiles of DMT moduli along (c) twisted ribbon, (f) helical ribbon, and (i) nanotube-like structures. The data were ob‐
tained by the analysis of 20 fibrils for each type. Figure reproduced with permission Ref. [19], © 2012 The Royal Society
of Chemistry.
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2.3 ± 0.7 GPa and 2.4 ± 0.5 GPa, respectively. They also measured the value of Young’s modulus
for insulin amyloid fibrils (3.2 ± 0.6 GPa), which is very similar to that of a previously study
of insulin (3.3 ± 0.4 GPa).

Recently, amyloid fibrils have attracted great attention because of outstanding features based
on their mechanical properties as nanomaterials. To investigate the potential of amyloid fibrils
as biomaterials, it is important to understand the mechanism of the fibrillation process and to
quantify the mechanical properties. By performing the PeakForce QNM technique, the
mechanical properties of the Aβ-42 fibrils during the fibrillation process have been measured,
as in Figure 8 [21]. The Young’s modulus of the oligomers, protofibrils, and mature Aβ-42
fibrils was evaluated. During fibrillation, in which oligomers grow into protofibrils and then
finally formed mature fibrils, the mechanical property (i.e., Young’s modulus) increased.
Hydrogen bonds between β-sheets may need to be reckoned with when one tries to determine
the mechanical properties of amyloid fibrils. The changes in β-sheets in oligomers, protofibrils,
and mature fibrils may have effects on the mechanical properties during the fibrillation
process. These results could be of great significance for the elucidation of the mechanical
properties of amyloid fibrils for the planning of new material strategies.

Figure 8. Evolution of the Young’s modulus of Aβ-42 during the fibrillation process. DMT modulus AFM images of
oligomers at 0 h (a), protofibrils at 48 h (b), and fibrils at 72 h (c). Distribution of the measured Young’s modulus for
oligomers (d), protofibrils (e), and fibrils (f). Figure reproduced with permission Ref. [21], © 2015 Wiley-VCH Verlag
GmbH & Co. KGaA.

4. Kelvin probe force microscopy (KPFM) of amyloid fibrils

The amyloid fibril has been implicated in the various neurodegenerative diseases such as
Alzheimer’s, Parkinson’s, Creutzfeldt-Jakob’s, and Huntington’s diseases [1–3], but the
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molecular mechanism of an amyloid toxicity is still debated [49–51]. To address this issue,
scientists have investigated different possibilities for molecular behavior of amyloid-forming
proteins that are correlated with the amyloid toxicity mechanism [52–54]. The leading
proposed mechanism of the amyloid toxicity refers to the electrostatic interactions between
the lipid membrane of cells and amyloid oligomers/fibrils (i.e., cytotoxicity) [55–57]. In
addition, the electrostatic forces play important roles in the accumulation of proteinaceous
aggregates as amyloid plaques or Lewy bodies. Therefore, the measurement of electrical
properties of amyloid fibrils offers a new insight into the mechanism of amyloid fibril forma‐
tion and toxicity.

KPFM has been considered as a powerful instrument for detecting the electrical properties of
nano/biomaterials including molecules [58–62] by mapping the surface potential (the work
function) of them. KPFM is carried out by a conducting AFM probe, which ascends to lift scan
height. While the probe scans a sample surface of interest, a potential offset between the tip
and the surface is recorded at each point of the scanned area. Furthermore, a high spatial
resolution of KPFM is attributed to highly sharp conducting AFM tip by measuring the local
contact potential difference (CPD) between the tip and the sample (Figure 9). Accordingly,
KPFM has recently been used for characterizing the surface potential of amyloid fibrils [20, 23,
63] to unveil the molecular mechanism governing amyloid fibril formation and toxicities.

Figure 9. A schematic illustration of Kelvin probe force microscopy (KPFM) method for the measurement of electrical
properties of material.

4.1. Principle of KPFM

In KPFM studies of mapping the surface potential, the surface potential of the materials is
measured by the CPD between the material surface and the KPFM conducting cantilever tip,
where the CPD is the variation in work function between different surfaces (the material
surface and the tip) [58]. The CPD of two materials is determined, depending on their elec‐
tronic/electrical characteristics. The characterization of the CPD is able to use not only for
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measuring the work function of metallic material and semiconductor surfaces but also for
mapping the surface potential of biomolecules such as various proteins [64], DNA molecules
[59, 60], and amyloids [20, 23, 63].

The hardware system of KPFM is founded upon the principle of the Kelvin method, which is
a standard measurement method of the determination the CPD [65] (this is a reason why KPFM
applies the term “Kelvin”). In the Kelvin probe method, the CPD (VCPD) between two different
materials is plainly defined as

1 2-
=

-CPDV
e

j j
(1)

where φ1 and φ2 are the work functions of two different materials (in KPFM, φ1 = φtip and
φ2 = φsample) and e is the charge of an electron. The probe, which consists of material with a
known work function, is aligned to the sample surface for forming a capacitor. The reference
electrode probe is vibrated, causing a variation in the capacitance between two plates, resulting
in an electric current i(t) and the generated current is given by

( ) cosCPDi t V C tw w= D (2)

where ω is the frequency of vibration, ΔC is the change of capacitance, and VCPD is the contact
potential between the probe and the sample surface. VCPD is measured by applying an con‐
trasting external DC (direct current) bias voltage (VDC), which is varied until the i(t) is mini‐
mized.

The fundamental KPFM system is similar to the Kelvin method [65]. Mapping the surface
potential of a material using KPFM, an electrostatic force (FES) via the VCPD between a KPFM
conducting tip and a material, is caused by an AC (alternating current) voltage VAC with a DC
offset bias VDC which is applied between a tip and a material [66]. The FES between the tip and
sample is defined as

( ) ( ) ( ) 21, sin
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F x t V V V t
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w

¶
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where x is the distance between the KFPM conducting tip and a material. The electrical force
component with frequency ω (related to differential value of “(VDC ± VCPD) VAC sin ωt”) is
obtained from the PSD) signals through a lock-in amplifier. A feedback controller applies the
VDC to the KPFM system until the electrical force component with frequency ω is minimized.
Accordingly, VCPD between a KPFM conducting tip and a material is determined based on
altering the DC offset bias VDC.
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4.2. Mapping the surface potential of amyloid fibrils

As mentioned above, the evaluation of electrical properties of amyloid fibrils would offer a
better understanding of the mechanism of amyloid fibril formation and toxicity. To date,
some of researchers have reported KPFM analysis for quantitative estimation of electrical
properties of amyloid fibrils. It has been reported that synthesis of the amyloid-β-(25–35)
peptide (Aβ25–35) (with sequence GSNKGAIIGLM) fibrils and KPFM analysis of them [67].
Although the major components of neurotic plaque found in AD are 10-to-42-residue-long
Aβ peptides (Aβ1–40/Aβ1–42), shorter fragments of peptides are also involved, such as Aβ25–35.
It has been reported that Aβ25–35 can form readily β-sheet aggregates and is toxic to neurons.
The surface potential analysis of Aβ25–35 fibrils was performed by KPFM. The samples were
prepared for KPFM imaging by depositing the solutions on chemically cleaned silicon (Si)
substrates, and KPFM records were made for both the sample topography and the phase shift
by using a two-pass method, namely, lift mode KPFM. It was found that the five fibrils have
almost the same CPD values, which are about −10~ to −15 mV relative to the Si substrate. By
calibrating the work function of cantilever tip, the work function of the Aβ25–35 fibril was
determined to be about 4.62 eV. However, the main thrust of this study is the surface potential
analysis in regards to the interaction of gold nanoparticles (AuNPs) with Aβ25–35 peptides,
which we shall mention further on.

Figure 10. AFM and KPFM images of β-lactoglobulin amyloid fibrils. In each image of AFM topography (panel a) and
surface potential (panel b), the white arrow shows a single amyloid fibril. A blue arrow indicates the location of amy‐
loid fibril, at which the transverse profile of surface potential and topography were obtained. In the profiles of both
topography and surface potential at longitudinal direction. Figures reproduced with permission from Ref. [20], © 2012
AIP.

Recently, β-lg has attracted much interest as an alternative amyloid precursor to be used to
investigate the fibrillation mechanism and to fabricate various composites because of its
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inexpensive price and easy fabrication. The electrical properties of the β-lg fibrils using KPFM
have been studied, which was the first attempt to visualize mapping the surface potential
distribution of a single amyloid fibril [20]. As shown in Figure 10, the surface potential of the
fibril is positive (e.g., ~12 mV) since the pH of a buffer solution is lower than the isoelectric
point (pI) of β-lg (pI ~ 5.0). Interestingly, it is found that the surface potential profile of the
fibril is critically dependent on the fibril diameter and periodicity, which implies that the
surface charge distribution of amyloid fibril is closely related to its conformation. This report
demonstrated that KPFM is able to accurately obtain the surface potential of the amyloid fibrils
with their conformational structures. Moreover, KPFM was shown to have the possibility of
being usable as a detection platform for peptide identification of amyloid fibrils because KPFM
measurement has proven to be powerful enough to detect a delicate difference of the surface
potential.

4.3. Quantifying the electrical properties of amyloid fibrils in different environments

For understanding electrostatic interactions between various nano/biomaterials and amyloid
oligomers/fibrils, or the accumulation of proteinaceous aggregates as amyloid fibrils/plaques,
many researchers have reported quantifying the electrical properties of amyloid fibrils in
different environments. In recent decades, nanomaterials, especially nanoparticles, have been
increasingly applied in biomedicine for therapeutic and diagnostic purposes [68–70]. In
particular, AuNPs have been widely used in the field of chemistry and biomedical science [71–
73] due to their electronic [74] and molecular-recognition properties [75]. Due to the properties
of AuNP, it has been found that the AuNPs can either promote or inhibit the aggregation of
Aβ proteins, depending on the size and functionality of AuNPs or the pH value of the solution.
As mentioned above, the surface potential analysis on the interaction of AuNPs with Aβ25–35

peptides has been studied [67]. To investigate the effect of AuNPs on fibrillation, Aβ25–35

peptides were incubated with AuNPs at room temperature for 5–12 days. KPFM was used to
record both the sample topography and the surface potential of AuNPs with Aβ25–35 fibrils.
From the KPFM images, it was found that the CPD values of the AuNPs are about −0.7 to
−1.1 V, whereas the value for pure Aβ25–35 peptide fibrils was about 4.62 eV. Via calibration of
the work function of cantilever tip, the work function of the AuNPs is obtained as about 4.95–
5.20 eV. The work functions of fibrils connected by AuNPs are about 4.78 eV, slightly different
from the pure fibrils, which difference may be induced by the local electric fields modified by
the presence of AuNPs. From the results, it can be suggested that the presence of AuNPs in
Aβ25–35 solution has a significant influence on protein aggregation and on their electrical
properties. This report demonstrated that it is plausible to suggest that KPFM will be quite
useful for monitoring the conformational change and the electrical properties of the amyloid
fibrils during self-assembly with nanomaterials.

To precisely investigate the mechanism of amyloid fibril formation, it is necessary to quantify
the electrical properties of amyloid fibrils synthesized at different chemical environments. In
the fibrillation of amyloid fibrils, the pH condition is one of the most important regulating
chemical factors. It has been reported that the surface potential distribution of β-lg fibril is
variable as a function of the pH of a buffer solution [20]. As mentioned above, the surface
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potential of amyloid fibril is critically dependent on the conformation of amyloid fibril.
Therefore, the authors have defined the point charge density as related to the surface potential
of β-lg fibril per unit fibril thickness: α(x) ≡ σmax(x)/dmax(x), where σ(x) is the measured surface
potential and d(x) is the diameter of an amyloid fibril [20]. It is shown that a parameter α(x) is
varied with respect to pH and that α(x) becomes zero at pH ~ 4.7, indicating that the pI value
of β-lg fibril is given by pI = 4.7 (Figure 11a). The surface potential of amyloid fibrils ranged
from 12 mV (pH ~ 2) to −12 mV (pH ~ 7), depending on the pH of the buffer solution. For precise
observation of the β-lg fibril’s structure, the authors presented high-resolution KPFM images
of single amyloid fibril for pH 3 < pI (~5.0) and pH 6 > pI (Figure 11b). With pH 3, they have
found pristine β-lg protofilaments; with pH 6, the β-lg fibril had a complex structure of β-lg
oligomer-binding protofilaments that had irregular topological height. It was remarkably
observed that the pH-dependent electrostatic property of amyloid fibril was responsible for
binding affinity between the amyloid small aggregates and the amyloid fibrils.

Figure 11. (a) The surface charge distribution of amyloid fibril as a function of the pH of buffer solution in which amy‐
loid fibril is prepared. The isoelectric point (pI) value of amyloid fibril is determined in such a way that the pH value,
at which surface charge distribution becomes zero, is identical to pI value. (b) AFM topography and surface potential
images of β-lg amyloid fibrils when they are prepared in buffer solutions, whose pH values are pH 3 and pH 6, respec‐
tively. All scale bars are 250 nm. Figures reproduced with permission from Ref. [20], © 2012 AIP.

Moreover, in recent studies of amyloid fibril with AFM, some of scientists have reported about
various structural features of amyloid fibrils such as steric zipper pattern [76, 77], helical
pattern [48], and length [78], which is a key design parameter that determines the material
properties of amyloid fibrils. Nevertheless, it is not quite understood yet how the molecular
structures and conformational diversity (heterogeneous conformations) of amyloid fibrils are
regulated.

To figure out how amyloid fibrils with heterogeneous conformations are formed, the synthesis
of the β-lg fibrils with microwave-assisted chemistry method is considered, which enables the
acceleration of biochemical reactions, and performed KPFM analysis of them [63]. It has been
reported already that the microwave-assisted chemistry for the synthesis of amyloid fibrils
makes the acceleration of fibrillation possible. The mechanism of amyloid fibrillation under
microwave irradiation is still debated, but it seems to be related to the enhanced collision
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frequency due to the microwave-driven temperature changes of the protein solution. The
temperature of the β-lg protein solution is rapidly increased by rotating water molecules
through microwave irradiation. As such, microwave-assisted chemistry accelerates speed of
chemical reactions regarding fibrillations of the β-lg proteins within a few hours (even less
than an hour) [79]. It is a remarkable result compared to the classical (conventional) heating
method which generally requires long incubation time (several hours) and a large volume of
protein solution. However the results of this study show that microwave-assisted chemistry
not only allows the acceleration of fibrillation but also enables tuning of the β-lg amyloid fibrils
by controlling the microwave irradiation time τ, the time interval for irradiation λ, or the
number of irradiations N. It was remarkably observed that a stable protein aggregation is
produced in the fibril structure that depends on λ.

Figure 12 represents the topographic and surface potential images of amyloid fibrils that were
synthesized based on microwave-assisted chemistry and their conformational heterogeneities.
From these results, it is obvious that except for λ = 60 s, the surface potential and the fibril
diameter of β-lg amyloid fibrils increase in monotone fashion as λ increases. This result
revealed that heterogeneous conformations of β-lg amyloid fibrils are due to the wave-driven
change of electrostatic interaction, which has a critical impact on the radial growth mechanisms
of amyloid fibrils. As described above, KPFM indeed was a good analytical tool for monitoring
the conformational change and the electrical properties of amyloid fibrils with respect to
microwave-assisted chemistry.

Figure 12. (a) AFM images of amyloid fibrils that are synthesized based on microwave-assisted chemistry using differ‐
ent λ values. (b) KPFM images of the fibrils formed using different λ values. (c) Distribution of surface charges for
amyloid fibril as a function of its diameter. The surface potential of an amyloid fibril is almost linearly proportional to
its diameter. Figures reprinted with permission from Ref. [63], © 2015 NPG.
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5. Conclusion and perspectives

As we surveyed above, because of the marvelous capabilities of the conventional AFM device,
it and its extensions as liquid AFM, PeakForce QNM, and KPFM have been widely used to
perform accurate measurements of mechanical, electrical, and biophysical properties of
various amyloid fibrils. AFM applications can provide researchers with the strong advantage
of being able to measure the surface potentials of nanomaterials at the single-molecule level.
Moreover, it has been demonstrated that AFM applications enable monitoring the fibrillation
behavior of various proteins by measuring morphological properties of amyloid fibrils in air
or liquid environments. The changes in morphology of the fibrils indicated that amyloid fibrils
can be changed morphologically in liquid environments (e.g., human body) and that implies
amyloid fibrils would interact differently with other biomolecules, cells, and tissues in human
body. Liquid AFM enables measurement of the characteristics of amyloid fibrils in situ by
monitoring the fibrillation and conformation changes of amyloid fibrils. Furthermore, AFM
application techniques usually require no labeling with chemical dyes and no chemical
reagents for improving the image quality or contrast. Accordingly, AFM is able to get high-
resolution images of amyloid fibrils for the detection of conformational changes, by topological
imaging in air and liquid environments. We dealt with PeakForce QNM that can simultane‐
ously measure several mechanical properties of amyloid fibrils such as Young’s modulus,
deformation, and adhesion force by using a precisely operating oscillating probe. With a Kelvin
probe, KPFM is highly important for imaging and characterizing the electrical properties (i.e.,
surface potential and surface potential density of amyloid fibrils) while getting high-resolution
topological imaging. Because of these advantages, AFM application is expected to attract much
attention as an analytical tool for amyloid research in the future. These AFM-related results
shed light on understanding the fibrillation of amyloidogenic proteins and will be the
cornerstone for the development of not only the effective prevention methods for amyloido‐
genic diseases but also therapeutic agents and drugs. These approaches could also contribute
to the development of amyloid fibril-based functional nanomaterials such as biocompatible
adhesives [80, 81], solar-cell devices [82], and gene delivery systems [83].
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Abstract

This chapter discusses the capabilities of positron emission tomography (PET) imaging
for the diagnosis of Alzheimer’s disease (AD) with deposition of amyloid-β (Aβ). We
conducted a PET scan using 18F-2-tert-butyl-4-chloro-5-{6-[2-(2-fluoroethoxy)-ethoxy]-
pyridin-3-ylmethoxy}-2H-pyridazin-3-one  (18F-BCPP-EF),  a  novel  PET  probe  for
mitochondrial complex I (MC-I) activity, in young and aged monkeys to demonstrate
the normal aging effects on MC-I activity in the brain. The results revealed an age-related
impairment of MC-I activity in the brain. Then, we conducted PET scan using 11C-PIB
to detect the Aβ deposition in the some parts, not all, of the brains of some part of aged
monkeys. For further assessments, PET scans using 11C-PIB for Aβ, 11C-DPA-713 for
inflammation, 18F-fluoro-2-deoxy-D-glucose (18F-FDG) for regional cerebral metabolic
rate of glucose (rCMRglc), and 18F-BCPP-EF for MC-I were performed in aged animals.
When 18F-BCPP-EF uptake is plotted against 11C-PIB uptake in the cerebral cortical
regions, it showed a significant negative correlation between them. Plotting of 11C-
DPA-713 uptake against 11C-PIB resulted in a significant positive correlation. In contrast,
plotting of rCMRglc against 11C-PIB did not reach a statistically significant level. Taken
together,  these  results  strongly suggested that  18F-BCPP-EF could discriminate  the
neuronally damaged areas with neuroinflammation where 18F-FDG could not, owing
to its high uptake into the activated microglia.

Keywords: Alzheimer’s disease, aging, brain, mitochondrial complex I, PET

1. Introduction

Alzheimer’s disease (AD) is neuropathologically characterized by the presence of neurofibril‐
lary tangles with the deposition of hyperphosphorylated tau protein inside nerve cells and
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senile plaques with extracellular aggregation of amyloid-β (Aβ) protein, and the imaging of
tau and Aβ is expected to provide quantitative information noninvasively for the diagnosis of
AD.  Pathological  aging  processes  are  thought  to  be  a  degenerative  process  caused  by
accumulated damages, which leads to cellular dysfunction, tissue failure, and death, result‐
ing in detectable changes in brain structure and function. Modern in vivo imaging techni‐
ques, such as X-ray computed tomography (X-CT), magnetic resonance imaging (MRI), and
positron emission tomography (PET), provide useful ways to examine these alterations and
to separate normal age-related changes from pathological states. Because functional distur‐
bances precede structural changes determined by X-CT or MRI, the in vivo imaging obtained
with PET may be abnormal, whereas the brain anatomy appears normal.

One trend is to apply target-specific PET probes for quantitative imaging of the specific
neurological target molecules related to diseases, such as the dopaminergic system for
schizophrenia [1] and Parkinson’s disease (PD) [2], the serotonergic system for depression [3],
and the cholinergic system for AD-type dementia [4]. Another trend is to measure more general
indices for the pathophysiological abnormalities in diseases. To diagnose these diseases and
to assess the treatment efficacy of developing drug candidates noninvasively with PET, we
have anticipated PET probes that can provide general indices of brain function, such as regional
cerebral blood flow (rCBF) and regional cerebral metabolic rate of oxygen (rCMRO2), both of
which have been recognized to be the gold standard indices for cerebral functions [5]. Other
useful indicators are the regional cerebral metabolic rate of glucose (rCMRglc) assessed with
18F-fluoro-2-deoxy-D-glucose (18F-FDG; Figure 1C) [6]. PET using 18F-FDG is a well-establish‐
ed technique for the quantitative imaging of brain function in the living brain. Some re‐
search demonstrated that 18F-FDG could predict an onset of AD. However, as demonstrated
in the brains of rat and monkey ischemic models [7, 8], the unexpectedly high uptake of 18F-
FDG in damaged areas suggested that 18F-FDG was taken up into not only normal tissues but
also inflammatory regions with microglial activation, which hampers the accurate diagnosis
of brain function using 18F-FDG.

Figure 1. PET probes used: (A) 11C-PIB for Aβ, (B) 11C-DPA-713 for TSPO, (C) 18F-FDG for rCMRglc, (D) 11C-(+)-3-MPB
for mAChR, (E) 11C-(R)-MeQAA for α7-nAChR, and (F) 18F-BCPP-EF for MC-I.
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Several hypotheses of aging at the molecular level, such as shortening of telomerase, DNA
methylation, reactive oxygen species (ROS) generation, and mitochondrial abnormalities, have
been proposed. Among these, the “mitochondrial free radical theory of aging” has been
highlighted [9]. In mammalian cells, the electron transport chain in mitochondria consists of
five complexes from I to V, and the main role of mitochondria was recognized to be energy
transduction of ATP. Their dysfunction was thought to be limited to ATP deficiency result‐
ing in necrotic cell death; however, the mechanisms of cell death have been found to include
mitochondrial contribution to oxidative stress and apoptosis [10]. Previous studies demon‐
strated an age-related increase in ROS production using rat brain homogenates [11], cortical
slices [12], or synaptosomes [13]. Furthermore, mitochondrial dysfunction contributes to the
pathophysiology of acute and chronic neurodegenerative disorders [14].

In the present chapter, the capability of assessment of mitochondrial complex I (MC-I) activity
is introduced for detection of neurodegenerative damage associated with Aβ deposition. We
recently developed and evaluated 18F-2-tert-butyl-4-chloro-5-{6-[2-(2-fluoroethoxy)-ethoxy]-
pyridin-3-ylmethoxy}-2H-pyridazin-3-one (18F-BCPP-EF), a novel PET probe for MC-I
activity (Figure 1E) [15]. The translational research has been conducted using an animal PET
to assess the aging as well as Aβ deposition effects on MC-I activity in the living brains of
young (3–5 years old, corresponding to high-teens in humans) and aged (20–24 years old,
corresponding to 75 years old and more) male monkeys [16, 17].

2. Aging and cholinergic neuronal system

There have been a number of reports on age-related alterations in neurochemical and
neurophysiological functions in the brain, associated with changes in the neurotransmitter
synthesis in presynaptic neurons, release into synaptic cleft, reuptake availability, binding to
receptors, and signal transduction, all of which are related to the declines of specific motor,
cognitive and emotional functions in primates. Among the variety of neurotransmitter
receptors, we focused on the effects of aging process on cholinergic receptors, which had
previously assessed in the postmortem primate brain tissues [18].

2.1. Aging effects on muscarinic cholinergic receptor function

The cholinergic receptor (AChR) population is divided into muscarinic (mAChR) and
nicotinic (nAChR) subclasses in the central nervous system (CNS), and the CNS mAChR
system plays an important role in memory and cognitive functions. AD is neuropathological‐
ly characterized by the presence of neurofibrillary tangles with the deposition of Hyperphos‐
phorylated tau protein inside nerve cells and senile plaques with extracellular aggregation of
Aβ protein [19, 20]. Accompanied with tau and Aβ depositions, loss of cholinergic neurons in
the forebrain, reduced cholinergic activity in the hippocampus and cortical loss of choline
acetyltransferase, and reduced central mAChR binding have been observed in the brain of AD
patients [21]. The severity of these cholinergic abnormalities is closely correlated with the
degree of memory impairment in aged monkeys [22] and dementia patients [21].
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Several antagonist-based 11C-labeled PET probes for imaging mAChR have been developed
and attempted to determine quantitatively the age-related alterations of mAChR in the living
brain using 11C-benztropine [23], N-11C-methyl-4-piperidyl benzilate (11C-4-MPB) [24], and 11C-
tropanyl benzilate (TBZ) [25]. These PET probes for mAChR, however, showed relatively low
uptake to the brain and also slow dissociation rates from mAChR, which may limit the
estimation of the density of binding sites in vivo [26]. To solve these problems, we proposed a
novel mAChR probe, N-11C-methyl-3-piperidyl benzilate (11C-3-MPB) (Figure 1D) [27, 28], and
assessed the aging effects on mAChR binding in comparison to young and aged monkeys [29].
11C-(+)3-MPB was labeled by N-methylation of respective nor-compound with 11C-methyl
iodide converted from 11C-CO2 by LiAlH4 reduction followed by reaction with HI [27, 28]. A
monkey (Macaca mulatta) was seated on a monkey chair under conscious condition and fixed
with stereotactic coordinates under conscious state [30]. For the kinetic analysis of 11C-(+)3-
MPB binding, arterial blood sampling was conducted to determine the input function using
metabolic profile in plasma. The PET data obtained were reconstructed by the filtered back-
projection (FBP) method. Volumes of interest (VOIs) in brain regions were drawn manually
on the MRI, and VOIs of MRI were superimposed on the coregistered PET images to meas‐
ure the time activity curves (TACs) of each PET probe for kinetic analyses using Logan
graphical analysis with metabolite-corrected plasma input in the living brain [31].

The TACs of 11C-(+)3-MPB in the frontal, temporal, and occipital cortices reached their peaks
40 min after injection, whereas the striatal and hippocampal regions reached peak values 60

Figure 2. MRI and PET images of 11C-(+)3-MPB in the young and aged monkey brains (M. mulatta). PET data were col‐
lected in the conscious state with a high-resolution PET scanner. Each PET image was generated by summation of im‐
age data from 60 to 91 min post-injection. The stereotactic coordinates of PET and MRI were adjusted based on the
orbitomeatal (OM) line.
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min after injection [28]. In aged monkeys, the TACs of 11C-(+)3-MPB in regions rich in mAChR
peaked at earlier time points, with faster elimination rates than those in young monkeys. As
a result of Logan graphical analysis using metabolite-corrected plasma input, significant age-
related alterations of the in vivo binding of 11C-(+)3-MPB were observed in the temporal and
frontal cortices and the striatum (Figure 2). Aged animals showed the age-related reduction
of the maximum number of binding sites (Bmax) of mAChR, whereas there were no age-related
alterations of the affinity (1/Kd) of mAChR [29].

2.2. Aging effects on nicotinic cholinergic receptor function

The CNS AChR systems, classified into mAChR and nAChR, play an important role in memory
and cognitive functions. In the last two decades, 17 different nAChR subunits (α1–α10, β1–
β4,γ, δ and ε) have been cloned, and the prominent nAChRs are the α4β2 heteromeric and α7
homomeric subtypes in the brain [32]. Among them, because α7 has high permeability for Ca2+,
it can be assumed that, in addition to the ionotropic function induced by membrane depola‐
rization, α7-nAChR is associated with metabotropic activity coupled to Ca2+-regulated second-
messenger signaling required for the modulation of neuron excitability, neurotransmitter
release, induction of long-term potentiation (LTP), and cognitive-associated processing of
learning and memory. In addition, α7-nAChR may contribute to neuroprotection by modu‐
lating the neurotrophic system crucial for the maintenance of cholinergic neuron integrity and
also by stimulating signal transduction pathways that support neuron survival [32].

A PET study indicated that decreases in 11C-nicotine brain uptake were significantly correlat‐
ed with cognitive deficits in AD patients [33]; however, nAChR deficits in the different types
of dementia are assumed to be reflected by subtype and region specificity. For the noninva‐
sive imaging of α7-nAChR with more subtype specificity, several 11C-labeled PET probes have
been developed and evaluated, including 11C-CHIBA-1001, 11C-A-582941, and 11C-A-844606
[34]. However, because of low brain uptake, high nonspecific binding, and/or low selectivity
to α7-nAChR against 5-HT3R, almost none of these PET probes have demonstrated clinically
useful specific binding to α7-nAChR in nonhuman primate brain. Because we recently
developed novel PET probes for α7-nAChR, (R)-2-[11C]methylamino-benzoic acid 1-aza-
bicycle[2.2.2]oct-3-yl ester [11C-(R)-MeQAA; Figure 1E] [35], the aging effects on α7-nAChR
binding was assessed using 11C-(R)-MeQAA in comparison to young and aged monkeys [36].
11C-(R)-MeQAA was labeled by N-methylation of respective nor-compounds [(R)-BH3QAA]
with 11C-methyl triflate prepared from 11C-methyl iodide through a glass column containing
silver triflate [35]. PET measurements of conscious monkeys were conducted as described in
Section 2.2 with arterial blood sampling for plasma metabolic analysis followed by PET image
reconstruction and TAC acquisition in the VOIs for kinetic analyses. The values of nondis‐
placeable binding potential (BPND) were evaluated by two-compartment models (2-TC)
analysis using the metabolite-corrected plasma input [37] and simplified reference tissue
model (SRTM) analysis using the TAC in the cerebellum as an indirect input function [38].
11C-(R)-MeQAA images in the brain of young normal monkeys, showing high and heteroge‐
neous uptake of [11C](R)-MeQAA into the brain, were determined between 60 and 90 min after
the bolus injection. The uptake of radioactivity was high in the thalamus and striatum,
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intermediate in the hippocampus, frontal, temporal, and occipital cortices, and low in the
cerebellum [35, 36]. The uptake of 11C-(R)-MeQAA was significantly higher than that of 11C-(S)-
MeQAA in the thalamus, hippocampus, and cortical regions, and the specific binding of 11C-
(R)-MeQAA was inhibited by the preadministration of SSR180711, an α7-nAChR partial
agonist [35]. In contrast, the uptake of 11C-(R)-MeQAA into the cerebellum of monkeys was
not affected by SSR180711 [35], suggesting that the cerebellum could be applicable for the
reference region for the quantitative analysis of 11C-(R)-MeQAA binding in the living brain.
The clearance rate of 11C-(R)-MeQAA in plasma was rapid and relatively stable in plasma. To
determine the practicality of the simplified analytical method of 11C-(R)-MeQAA with SRTM
to calculate the BPND using the TAC in the cerebellum as an indirect input function, we verified
it by correlation analyses with 2-TC-BPND values calculated using the metabolite-corrected
plasma input. Because of a good correlation between 2-TC and SRTM analyses, 11C-(R)-
MeQAA binding to α7-nAChR in young and aged monkey brain was determined as the SRTM-
BPND values without arterial blood sampling to avoid excessive stress on aged animals. When
determining the aging effects on 11C-(R)-MeQAA binding, all regions, except the occipital
cortex, revealed no significant differences in the BPND values of 11C-(R)-MeQAA in the brains
of aged and young animals [36]. Although human aging is known to preferentially affect the
rCMRglc in the frontal and temporal lobes, our previous studies reported that the occipital
cortex showed the most profound reductions of CBF [39], rCMRglc [39], and MC-I [16] in aged
monkeys. Because the differences in cortical activity between monkey and human reflect the
evolutionary significance of their frontal cortex, the most marked age-related alterations of
α7-nAChR activity would be determined in regions such as the frontal cortex, not in the
occipital cortex, in humans. These results apparently revealed that aging effects were much
less on α7-nAChR compared to mAChR in the living brain.

3. Aging and MC-I activity

Mitochondria are called ”cellular power plants“ because they generate most of the ATP used
as a source of chemical energy. In mammalian cells, the electron transport chain in mitochon‐
dria consists of five complexes from I to V, and complex I (MC-I; NADH-ubiquinone oxidor‐
eductase, EC 1.6.5.3) is the first and rate-limiting step of the overall respiratory activity and
oxidative phosphorylation under physiological conditions. Glucose is converted to pyruvate
followed by transformation into acetyl-CoA by pyruvate dehydrogenase (PDH) in the
mitochondria, which is subsequently fed into the tricarboxylic acid (TCA) cycle, ultimately
producing ATP via the electron transport system and oxidative phosphorylation (which is
indispensable for cell survival). Mitochondrial dysfunction contributes to the pathophysiolo‐
gy of neurodegenerative diseases [40], some part of which has been considered to relate to the
fact that mitochondria are the main intracellular source of ROS in cells and also the main target
of ROS-mediated damage. Noninvasive assessment of living brain could be useful for the
diagnostic, prognostic, and treatment monitoring of neurodegenerative diseases related to
impaired MC-I function; however, no proper PET probes for MC-I imaging in the brain have
been developed prior to those that we have recently described [15].
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3.1. Development of PET probe for MC-I imaging

As PET probe for MC-I imaging, BMS-747158-01 showed inhibitory activity on MC-I func‐
tion by binding to MC-I, and its F-18 derivative 18F-BMS-747158-01 was originally developed
as a myocardial perfusion imaging agent [41]. However, we also realized that 18F-
BMS-747158-01 revealed relatively high nonspecific binding in the brain based on the lower
degree of inhibition with rotenone, a specific MC-I inhibitor, in both in vitro and in vivo
assessments [7, 8]. To solve the problem, we redesigned to modify the chemical structure of
18F-BMS-747158-01 to induce lower lipophilicity and lower affinity [15, 42]. We recently
developed a novel PET probe, 18F-BCPP-EF, and evaluated its properties in the in vitro and in
vivo assessments [7, 8, 15, 16].

For the analysis of the affinity of 18F-BCPP-EF, an in vitro binding assay was conducted using
3H-dihydrorotenone and bovine cardiomyocyte submitochondrial particles (SMP) to deter‐
mine the 50% inhibition (IC50) values, which were converted to the inhibition constant (Ki). 18F-
BCPP-EF was radiolabeled by the nucleophilic 18F-fluorination of the corresponding tosylate
precursor, toluene-4-sulfonic acid 2-{2-[5-(1-tert-butyl-5-chloro-6-oxo-1,6-dihydro-pyrida‐
zin-4-yloxymethyl)-pyridin-2-yloxy]-ethoxy}-ethyl ester [15]. For the assessment of binding
specificity of the PET probe to MC-I, vehicle or rotenone, a specific MC-I inhibitor, at a dose
of 0.1 mg/kg was infused to anesthetised rats or conscious monkeys through a vein for 1 h,
and then 18F-BCPP-EF was injected as a bolus for PET measurement. PET measurements of
young monkeys (3–5 years old) were conducted under conscious state as described in
Section 2.2 with arterial blood sampling for plasma metabolic analysis followed by PET image
reconstruction and TAC acquisition in the VOIs aided by MRI of individual animals for kinetic
analyses [16, 17]. The total distribution volume (DV) values were evaluated by Logan plot
graphical analysis using the metabolite-corrected plasma input [33].
18F-BCPP-EF showed the lower affinity (Ki=2.31 nM) with lower lipophilicity (logD7.4=3.03) for
MC-I of bovine cardiomyocytes than that of BMS-747158-01 (Ki=0.95 nM, logD7.4=3.69). In PET
study in rats, the radioactivity level of 18F-BCPP-EF in the brain showed rapid uptake and
gradual decrease with time just after the injection under vehicle condition. In the heart, 18F-
BCPP-EF exhibited slow accumulation up to 30 min after the injection followed by a slight
washout. With preadministration of rotenone, although a dose escalation study of rotenone
was impossible because of its lethal effects on cardiac function, a significant reduction of 18F-
BCPP-EF uptake was observed in the brain and heart, even at a relatively low dose of 0.1 mg/
kg/h. 18F-BMS-747158-01 showed a tendency of decreased brain uptake with rotenone infusion
but was not fully inhibited [7].

In the conscious monkey brain, TACs of 18F-BCPP-EF peaked between 10 and 20 min after the
injection, except in the occipital cortex (40 min), followed by the gradual elimination with time.
With preadministration of rotenone, a specific MC-I inhibitor, at a dose of 0.1 mg/kg/h, the
uptake of 18F-BCPP-EF into the brain, especially in the frontal and temporal cortices and
striatum, was significantly facilitated just after the injection followed by faster elimination than
normal from the brain regions. The washout and metabolic rates of 18F-BCPP-EF in plasma
were rapid; only 10% of nonmetabolized 18F-BCPP-EF was detected 60 min after the injection,
which was were nearly identical with that of rotenone-treated animals. The DV values
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calculated by Logan plot graphical analysis were the highest in the occipital cortex, higher in
the striatum, intermediate in the frontal and temporal cortices and cerebellum, and lowest in
the hippocampus of young monkey. Rotenone administration resulted in a significant and
marked reduction of the binding of 18F-BCPP-EF to MC-I in the living monkey brain [16]. Taken
together, these results clearly suggested that 18F-BCPP-EF was a useful PET probe for the
quantitative imaging of MC-I activity in the living brain.

3.2. Aging effects on MC-I activity

Several hypotheses of aging have been proposed, and mitochondrial respiratory chain failures
have been implicated as factors in the aging process, which was called the “mitochondrial free
radical theory of aging” [9–13]. This theory is based on the results that (1) mitochondrial ROS
production increases with age, (2) the activity of ROS-scavenging enzymes declines with age,
(3) mutations of mitochondrial DNA (mtDNA) accumulate during aging, and (4) somatic
mtDNA mutations impair respiratory chain function, which results in a further increase in
ROS production [9–13]. Mitochondria are the main intracellular source of ROS and also the
main target of oxyradical-mediated damage, and cumulative free radical damage leads to
significant changes in brain mitochondrial function.

As described in Section 3.1, because we could confirm the capability of 18F-BCPP-EF as PET
probe for the noninvasive assessment of MC-I activity in the living brain, we further ex‐
plored to see the aging effects on MC-I activity in comparison to young and aged monkeys
under conscious condition [16]. All study procedures were identical as described in Section
3.1, except that the subjects were aged male monkeys (20–24 years old).

Aided by MRI of individual monkeys, the VOIs were set on PET images of 18F-BCPP-EF to
obtain TACs. The peak of 18F-BCPP-EF slightly shifted to a later time period between 20 and
30 min after the injection and also provided significantly lower levels than those in young
animals shown in Section 3.1. The washout and metabolic patterns of 18F-BCPP-EF in plasma
of aged monkeys were nearly identical to those in young animals. When determining the
effects of aging on 18F-BCPP-EF binding to MC-I assessed by Logan plot graphical analysis,
the data revealed significantly lower DV values of 18F-BCPP-EF in every brain region ana‐
lyzed in aged animals compared to those in young ones [16].

The remarkable finding of the present study was that 18F-BCPP-EF detected the age-related
reduction of MC-I activity in the living brain of monkey under conscious conditions with
PET (Figure 3). It was of interest that the activity of complexes I and IV decreased with age in
the brain of humans [43], whereas that of complexes II, III, and V remained mostly un‐
changed [44]. Because all these findings described above were obtained by the in vitro
assessments of dissected organ samples, the present data are the first to demonstrate the
alterations of MC-I activity in the living brain of a nonhuman primate by a noninvasive method
using 18F-BCPP-EF and PET [16].
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Figure 3. MRI and PET images of 18F-BCPP-EF in young and aged monkeys (M. mulatta). PET scans were acquired for
91 min after 18F-BCPP-EF injection with sequential arterial blood sampling. The binding of 18F-BCPP-EF to MC-I was
calculated using Logan graphical analysis with metabolite-corrected plasma input.

4. Effects of Aβ deposition on AChR and MC-I

Hallmark pathologies of AD have been assumed to the formation of extracellular aggrega‐
tion of Aβ protein (senile plaques) [19] and intraneuronal aggregation of phosphorylated tau
protein (neurofibrillary tangle) [20], pathogenic microglial activation [45], and oxidative stress
reactions [13]. Furthermore, recent reports suggested that nondeposited and nonfibrillar
assemblies of Aβ peptides are considered to play a primary role in AD, which might be
precursors in fibrillogenesis to mediate the neurotoxicity, including oxidative stress in AD [46].
This session discusses the effects of Aβ-related pathological changes on nAChR binding [36]
and also on MC-I activity [17] assessed in aged monkey brain using animal PET.

4.1. Aging effects on Aβ deposition and neuroinflammation

For the quantitative measurements of Aβ deposition in the living brain, 11C-PIB was synthe‐
sized by N-methylation of nor-compound N-desmethyl-PIB with 11C-methyl triflate (Figure
1A) [47]. For the assessment of neuroinflammation, 11C-DPA-713 was synthesized by N-
methylation of nor-compound N-desmethyl-DPA with 11C-methyl triflate (Figure 1B) [48]. PET
measurements with these two PET probes were conducted under conscious state as descri‐
bed in Section 2.2. For the analysis of 11C-PIB uptake, standard uptake value (SUV) images
were created, and the VOIs were set on each SUV images with the aid of MRI. For the analysis
of 11C-DPA-713 uptake, SUV images were created, and VOIs were set on each SUV images.

We had previously found that some, but not all, of aged monkeys exhibited higher 11C-PIB
uptake than young ones, suggesting Aβ deposition even in the brain of monkey [49]. Although
the SUVs of 11C-PIB were slightly high in the striatal regions, hippocampus, parietal cortex,
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and thalamus in aged monkeys, it was reported that aged monkeys did not reveal as high Aβ
deposition as determined in AD patients [50] and also that no species besides humans has yet
shown drastic neuron loss or cognitive decline approaching clinical-grade AD in humans. The
SUVs of 11C-DPA-713 were relatively high in the striatal regions, hippocampus, temporal
cortex, and thalamus. The plot of SUV of 11C-DPA-713 against SUV of 11C-PIB revealed
significant positive correlation both in the cortical regions. When rCMRglc ratio is plotted
against SUV of 11C-DPA-713, the results provided the significant positive correlation in the
cortical regions. There results strongly suggest that the Aβ deposition as measured with 11C-
PIB induced neuroinflammation with microglial activation as determined with 11C-DPA-713
as well as 18F-FDG (Figure 4).

Figure 4. PET/MRI fusion images of 11C-PIB, 11C-DPA-713, and 18F-BCPP-EF uptake in the brains of aged monkeys (M.
mulatta). 18F-BCPP-EF brain imaging was performed in monkey 1 with the highest binding of all 20 animals in the
conscious state and in monkey 2 with the lowest binding.

4.2. Effects of Aβ deposition on nAChR binding

Postmortem studies of human brains have suggested that a deficit of α7-nAChR is related to
AD, dementia with Lewy bodies, and schizophrenia [32]. Aβ has a high affinity to α7-nAChR
upon being enriched in basal forebrain areas, and initial Aβ deposition in early AD overlaps
with α7-nAChR expression in these regions [51]. α7-nAChR facilitates binding, internaliza‐
tion, and accumulation of Aβ1–42 and may result in the selective vulnerability of specific cells
expressing α7-nAChR [52]. Oligomers of Aβ disrupt synaptic plasticity and cognitive function
when administered at nanomolar range concentration through the modulation of NMDA
receptor function to depress NMDA-evoked currents [53, 54].

To assess the effect of Aβ deposition on α7-nAChR function, the correlation between 11C-PIB
uptake and 11C-(R)-MeQAA was analyzed [36]. As described in Section 2.2, all regions, except
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the occipital cortex, revealed no significant differences in the BPND values of 11C-(R)-MeQAA
in the brains of aged and young animals. However, of interest, when the BPND values of 11C-(R)-
MeQAA are plotted against the SUVR of 11C-PIB in the corresponding VOIs of aged animals,
the results indicated a significant positive correlation between them (Figure 5). The α7-nAChR
had been assumed to decrease with the aging process; however, the data seem to be contro‐
versial because of the dose-dependent interaction aspects between of Aβ and α7-nAChR. In
young and normal conditions, there is an equilibrium between production and elimination of
Aβ, which maintains Aβ in a steady state to perform physiologic roles by the interaction
with α7-nAChR; thus, low (on the order of picomolar) concentrations of Aβ1–42 may play a role
in modulating synaptic plasticity and enhancing cognitive function in mice via interaction
with α7-nAChR, probably in presynaptic neurons [55]. In aging with pathologic conditions,
the balance between Aβ formation and clearance is impaired, which leads to Aβ accumula‐
tion and α7-nAChR deficit as observed in postmortem brains of AD patients [32]. These results
suggest that α7-nAChR-Aβ interaction has dual effects on brain function following aging or
injury as well as preserving physiologic roles, causing the controversial results in the aging
effects on the α7-nAChR level. One previous study clearly demonstrated the significant
reduction of α7-nAChR level in neurons and also Aβ-induced up-regulation of α7-nAChR on
astrocytes in postmortem AD brain compared to that in age-matched control [56]. α7-nAChR
may be chronically inactivated in an antagonistic fashion through prolonged interaction with
increased levels (on the order of nanomolar) of Aβ, resulting in the up-regulation of α7-nAChR.

Figure 5. PET/MRI fusion images of 11C-PIB, 18F-BCPP-EF, and 11C-(R)-MeQAA in the brains of aged monkeys (M. mu‐
latta). PET images of an aged monkey with the lowest and highest 11C-PIB uptake are shown along with 18F-BCPP-EF
and 11C-(R)-MeQAA.
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4.3. Effects of Aβ deposition on MC-I activity

As shown in Section 3.2, 18F-BCPP-EF binding to MC-I in each brain region indicated much
larger variation (CV=25.1%) in aged animals than in young ones (7.4%) [16]. Since we had
previously found that some of the aged monkeys exhibited high 11C-PIB uptake, suggesting
Aβ deposition in the brain [49], the effects of Aβ deposition level assessed in Section 4.1 on
MC-I activity evaluated in Section 3.2 were determined. When the 18F-BCPP-EF binding is
plotted against the 11C-PIB uptake in the corresponding VOIs of all animals, the results
indicated a significant reversal correlation (Figure 4). In contrast, no significant relationships
were observed in the plot of rCMRglc measured using 18F-FDG against 11C-PIB uptake in the
cerebral cortical regions [17]. There results strongly suggest that the Aβ deposition as measured
with 11C-PIB induced neuroinflammation with microglial activation as determined with 11C-
DPA-713 as well as 18F-FDG. Apart from developed cells such as neurons, activated inflam‐
matory cells produce lactate from glucose, known as the Warburg effect [57] or aerobic
glycolysis, accounting for only approximately 5% glucose utilization in oxidative phosphor‐
ylation. Because activated inflammatory cells exclusively produce ATP through enhanced
glycolysis with a low contribution of the electron transport system, these cells need more
glucose to survive than normal neuronal and glial tissues, resulting in the higher 18F-FDG
uptake in the neurodegenerative damaged regions. The present results demonstrated that 18F-
BCPP-EF could be used to image MC-I activity specifically as well as to detect impaired MC-
I activity correlated to Aβ deposition in the living brain of monkeys.

5. Conclusions

In this chapter, the effects of Aβ deposition on α7-nAChR binding, TSPO activity, an estab‐
lished marker of microglial activation, and rCMRglc were assessed simultaneously with MC-
I activity. PET using 18F-FDG is a well-established technique for the quantitative imaging of
brain function as rCMRglc in the living brain. However, the unexpectedly high uptake of 18F-
FDG in damaged brain regions suggested that 18F-FDG was taken up into not only normal
tissues but also inflammatory regions with microglial activation, which hampers the accu‐
rate diagnosis of brain function using 18F-FDG. Neuroinflammation has recently emerged in
several neurodegenerative diseases, including schizophrenia, depression, autism, PD, and AD.
PET measurements of MC-I activity using 18F-BCPP-EF will be a superior diagnostic, prog‐
nostic, and treatment monitoring tool for AD-type dementia without being affected by
inflammation.
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Abstract

Aggregation  of  peptides  and  proteins  into  amyloid  structure  is  one  of  the  most
intensively studied biological phenomena at the moment. To date, there is no devel‐
oped theory that would allow one to determine what kind of mechanism presents in
the given experiment on the basis of aggregation kinetic data. Debates concerning the
mechanism of the amyloid fibrils formation and, in particular, the size of the amyloi‐
dogenic nucleus are still going on. We created such a theory on the basis of the kinetics
of amyloid aggregates formation. In the presented chapter, theoretical and experimen‐
tal  approaches  were  employed for  studding the  process  of  amyloid  formation by
different proteins and peptides. The current kinetic models described in this chapter
adequately describe the key features of amyloid nucleation and growth.

Keywords: amyloidogenic regions, amyloid prediction methods, linear and exponen‐
tial mechanisms of amyloid growth, polymorphism, prion

1. Introduction

Many studies show that the generation of an amyloid fibril is a fundamental property of all
protein molecules, rather than being limited to a narrow range of the so-called amyloid-
forming proteins associated with amyloid diseases,  as was believed until  recently [1,  2].
Normal proteins become toxic upon fibril formation [3]. At the same time, greater cytotoxici‐
ty is characteristic of immature water-soluble fibrils compared to mature insoluble amyloid

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



fibrils. It seems that the mechanism of toxicity should be similar to that for fibrils formed by
different proteins. The structure of toxic immature fibrils is certainly rich in β-strands and
should be universal, because specific antibodies against the precursors of amyloid peptide Aβ,
associated with Alzheimer’s disease, recognize the precursors of amyloid fibrils formed by
other proteins with different amino acid sequences [4]. It was demonstrated that samples of
blood serum from patients with Parkinson’s disease show an autoimmune response to insulin
oligomers and fibrils, which should reveal the presence of insulin aggregates in this disease
[5]. Fibril formation depends on the experimental conditions and is expedited by denatur‐
ants: to aggregate, proteins should be unfolded, at least partly [6]. Preliminary unfolding is
not needed for the aggregation of peptides and proteins associated with amyloidosis such as
type II diabetes or Alzheimer’s and Parkinson’s disease, because these proteins are already
unfolded under physiological conditions [7].  However, the majority of natively unfolded
proteins do not aggregate in vivo [8] suggesting that unfolding is necessary, but not suffi‐
cient for the formation of amyloid fibrils. Most likely, there are specific amino acid motifs that
are exposed to the solvent and are more prone to aggregation as compared to other regions of
the amino acid sequence. Experimental findings support the hypothesis that small protein
regions are responsible for the amyloidogenic behavior [9–11].

2. Identification of aggregation sites in proteins responsible for amyloid
formation

We have done comparison of the prediction results for 30 amyloidogenic proteins [12] using
seven methods with experimental data: PASTA2 [13], AmylPred2 [12], Tango [14], MetAmyl
[15], Waltz [16], FoldAmyloid [17], ArchCandy [18]. More detail comparison with full list of
proteins but without new method Archcandy was presented in our recent paper [19]. One can
see that FoldAmyloid (which is a relatively old and simple approach) works better than Waltz
and Archcandy. PASTA2 is a new more sophisticated approach that performs best among the
non-meta-servers. As evident from Table 1, the accuracy and sensitivity of PASTA2 predic‐

Scoring type  PASTA2
90%
specificity 

AmylPred2 Tango MetAmyl
high
specificity 

Waltz best
perfo‐
mance 

FoldAmy‐
loid 

Archcandy
default set‐
tings 

Sensitivity  0.36  0.41  0.19  0.38  0.19  0.28  0.16 

Specificity  0.91  0.86  0.95  0.86  0.94  0.92  0.92 

False regions
predicted as amyloidogen‐
ic 

38  121  37  88  37  31  15 

No. correctly predicted re‐
gions/total 

33/46  42/46  17/46  33/46  22/46  29/46  8/46 

Table 1. Averaged results of amyloid predictions for 30 proteins by various algorithms.
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tions are only smaller better than those of FoldAmyloid. At the same time, comparison of the
overall prediction quality shows only modest improvement, which is due to low sensitivity
partly caused by overprediction and partly by the coarseness of the methods.

3. Possible kinetics schemes for amyloid and prion growth

To explain the kinetic features of the aggregation process of protein molecules, a large number
of schemes were proposed. There are many approaches for describing the kinetics and
mechanism of protein aggregation: kinetic, thermodynamic, and other empirical approaches.
The purpose of the first two was the best approximation of the experimental data and obtain‐
ment of quantitative values of the rate constants describing such processes as nucleation,
growth, and all other parts of the aggregation process. At present, there is no consensus
whether a protofilament is formed by joining oligomers or by adding monomers. The following
questions can be posed: How many different mechanisms exist in the literature for describing
the protein aggregation? What is the essence of each mechanism? What mechanisms or models
are used in the literature to describe the experimental kinetic curves? What are the similarities
between various mechanisms? The large volume of publications describing the formation of
amyloid fibrils allows us to reveal two general mechanisms. There are a mechanism of
sequential addition of monomers (linear growth) and a mechanism for describing the aggre‐
gation of prions (exponentional growth). Most of these approaches somehow go back to the
late fifties [20]. In this study, a kinetic scheme for polymerization of actin was proposed. The
experimental data indicated that the polymerization process is very similar to the condensation
reaction: The reaction occurs only when the monomer concentration exceeds the critical
threshold. The assumption was justified. The cooperative polymerization reaction was
confirmed by two facts: (1) The reaction rate in the early stages of the reaction increased upon
increasing the concentration of actin; (2) an addition of seed with an already formed unit led
to an immediate transition of all free actin to an aggregate. In 1974, Hofrichter et al. [21] used
the mechanism of sequential monomer addition to the aggregate to explain the formation of
hemoglobin fibrils in sickle cell anemia. To explain the observed effect of “extreme autocatal‐
ysis” and strong concentration dependence, Ferrone with the co-authors developed a model
of “heterogeneous nucleation” [22]. This model assumes the following sequence of events:
First, in the normal course of nucleation, fibrils, and then, subsequent fibrils may form on its
surface. This model is included as an equation for the first stage—the homogeneous nucleation,
and for the second step—heterogeneous nucleation; the equations were solved numerically.
The notion of heterogeneous nucleation was a new and important contribution to the devel‐
opment of the theory of protein aggregation. In 1983, Frieden and Goddette [23] used a model
of sequential monomer addition to the unit to describe the process of protein polymerization,
with the proviso that each step of monomer addition had its own reaction rate constant. In
1986, Goldstein and Stryer [24] modified the model of sequential addition of monomers to the
unit to describe the process of protein polymerization. They identified the nucleus as a “seed”
of size s, after the formation of which the kinetic constants are changed. Using protein amylin,
it was shown that nucleation can occur in two ways: fibril-independent (or primary nucleation)
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and fibril-dependent (secondary nucleation) paths. The contribution of each of these processes
depends on the external interfaces (or surfaces). In the presence of such a surface, the primary
nucleation mechanism is dominating; in the absence of such a surface, the secondary nucleation
mechanism is dominating [25]. Heterogeneous nucleation can be seen from another point of
view, as an autocatalytic growth in mature seeds. It was not shown experimentally whether
seeds are formed on the existing surface of the unit, or the growth simply continues from the
surface of the same aggregate. In 1967, Griffith [26] suggested three possible theoretical
mechanisms that could explain the self-replication agent causing “scrapie” sheep (scrapie). In
1982, Prusiner [27] was able to provide enough experimental evidence that the “scrapie”
infectious agent is the protein called a prion. In 1991, Prusiner suggested the scheme of transfer
and development of prion infection [28]. Based on the Prusiner’s work, in 1993, Lansbury his
work published [29], in which the mechanism of sequential monomer addition to the seed was
applied for analysis of kinetic data.

Figure 1. Alternative scenarios for amyloid growth and corresponding kinetic parameters. T2 is the time of inclusion of
all monomers into the aggregate, Lrel is the ratio between the duration of the lag phase and the time of inclusion of all
monomers into the growing polymer, [M∑] is the total monomer concentration, n* is the size of the primary nucleus,
and n2 is the size of the secondary nucleus. nS is the smallest number of monomers in the stable polymer. Modified
from [33].
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In 2004 in the paper by Collins et al. [30], the formation kinetics of sup35p prion was studied.
It was shown that amyloid aggregate growth occurs upon monomer addition to the fiber ends.
Also the authors performed experiments with agitation and observed catalysis due to fiber
fragmentation, so their kinetic model consisted of three steps: at the first step, oligomers are
formed; at the second step, amyloidal seeds are formed through nucleation-conversion, after
that the autocatalytic growth occurs where autocatalysis takes place because of fragmentation.
Thus, major schemes of amyloid aggregates formation were drawn. In general, schemes can
be summed up into the following reaction: out of a pool of monomer nuclei (the most unstable
species on the reaction path with the largest free energy) are formed, which then are somehow
converted into seed (the smallest stable amyloid aggregate) which is able to attach monomers
in a way that monomer free energy only decreases, the result of which is that after some time,
all the monomers become associated into fibrils. In some cases, catalysis of reaction occurs
through secondary nucleation or fragmentation. In the presence of a catalyst, the amyloidal
growth regime can be named “exponential,” whereas in the absence of catalysis, the amyloidal
growth can be named linear. It should be mentioned that in this general scheme, it is not
important what one means by the words “monomer protein”—the monomer itself or some
protein aggregate. Despite overall success in the understanding of possible mechanisms
hidden beneath amyloidal aggregation, the relation of the kinetic models to the experimentally
measurable values was still unclear. Thus, the authors of the paper [31] have shown that despite
possible different mechanisms of aggregation, all of the kinetic experimental data could be
successfully approximated by a simple sigmoid curve. Fortunately in the same year, the careful
introspection of the behavior of the logarithm of lag time versus logarithm of concentration
for several amyloidogenic agents by Knowles et al. [32] revealed that different amyloidogenic
agents possess a similar linear dependence in those coordinates and such dependence is
Tlag/Tlag0

≈ (C/C0)−1/2, where Tlag0
 and C0 are values corresponding to the smallest concentration.

In the paper Dovidchenko et al. [33], the authors studied the variance in the mechanisms within
scheme monomer ->nucleus->fibril growth with/without catalysis. In the work, the authors
were lucky to find bridges between values which can be calculated directly from experimental
data—characteristic times such as lag-time Tlag, time of inclusion of all monomers into
aggregate T2 and relation Lrel = Tlag/T2 and mechanism of amyloidogenesis. It turned out that
through the study of the concentration dependence of amyloid formation, one can estimate
nuclei sizes (the size of the primary nucleus and size of the secondary nucleus if secondary
nucleation takes place) and possible mechanisms. For example, linear growth (when no
catalysis occurs) has a very narrow range of conditions: Lrel should be independent of the
logarithm of concentration and its value should not exceed 0.2. In the case of exponential
mechanism, one should plot a graph of two dependencies: lnT2 versus ln[MΣ] and Lrel versus
ln[MΣ], where MΣ is the initial concentration of monomers. As one can see from Figure 1, the
dependencies should be linear in those coordinates and thus the calculation of the tangent
coefficient of a line drawn through experimental points will point out what mechanism takes
place in the given reaction. However, several tangent coefficients (for example, −1/2 which can
be either the result of a fragmentation mechanism or a bifurcation mechanism without
secondary nucleation) are special cases and can be obtained in different scenarios; for those
cases, additional experiments are needed to exclude excess mechanism variants.
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4. Polymorphism of amyloid fibrils

The fully matured fibers are not the most toxic species. The importance of intermediate species
that define the pathway, toxicity, and even the type of fibers formed at the end should be
emphasized. Usually electron microscopy (EM) is used for comprehensive characterization of
the amyloid formation and for control of the amyloid morphology. The probes are collected
for analyzing periodically over duration of all experiments. The main results of EM experi‐
ments at each of the time intervals are the properties of time-dependent structures and their
variability (polymorphism). These analyses usually are performed using both commercial and
recombinant samples. The use of EM in studying the process of amyloid formation is due to
the importance of polymorphism for determining the protein folding pathways. On the other
hand, protein folding pathway depends strongly on its amino acid sequence. Further, the
resulting protein conformation affects the formation of amyloid fibrils, and the same poly‐
peptide sequence may correspond to the fibrils of different morphologies [34]. The fibril
polymorphism is potentially important for the human disease progression, as it may be the
reason for natural variability of amyloid-related pathologies such as amyloidosis of light
chains of immunoglobulins (AL) and the phenomenon of strain variability of prion infection
[34, 35]. The EM images of amyloid fibrils show insignificant morphological differences, and
the fibrils are often represented as twisted or parallel clusters of thin protein filaments. One
should note also that polymorphism is a serious obstacle in studying fibril structures. A
mixture of fibrils of different morphology is always present in solution, and several different
types of fibrils can be seen under the same conditions. This creates a problem for image analyses
because it requires separation of fibrils by their morphology and performing separate analyses
of each type of insulin, Aβ peptide, β2-microglobulin, glucagon, amylin, calcitonin, etc. It is
not completely excluded that different fibril morphologies are due to similar but not identical
fibril formation pathways. The differences may be formed at the initial steps of fibril formation
including the step of nucleation. The size of the nucleus of a protofibril is still unknown for
almost all proteins and peptides. Nucleation is the limiting step of the amyloid fibril formation
which can start only when the concentration of amyloid proteins exceeds the critical one. After
the nucleation, the fibrils grow rapidly. Proteins may have different sizes of the protofibril
nuclei (see the next sections). Also, the conditions at which the fibrils are formed may affect
its size. This may result in the formation of the fibrils of different morphologies. In other words,
we assume that the fibril formation depends on the nucleation step and goes through different
pathways, thus determining the final fibril morphology. Note also that both the morphology
and molecular structure are sensitive to small differences under conditions when the fibrils
are growing in de novo preparations (under fixed pH, temperature, buffer composition, and
peptide concentration).

4.1. Polymorphism of Aβ fibrils

It was shown previously that peptide Aβ40 forms fibrils of different morphologies even under
the same conditions. For the fibrils formed without mixing, the dominating morphologies are
twisted fibrils, while the activated fibrils will be less twisted yet inclined to form lateral
associations. The inactivated twisted fibrils are the most toxic for the cells [36]. Therefore, it is
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important to study all possible formations including oligomers and fibrils, which determine
the natural polymorphism. Moreover, it was shown previously that the fibrils associated with
diseases have the same nucleation center structure called a β-arcade. The β-strands in these
structures are parallel to each other. It is interesting to note that this kind of a nucleus structure
is not found in normal proteins and the β-strands are antiparallel to each other [37].

4.1.1. Morphology of recombinant Aβ40 peptides

Figure 2 shows the preparation of recombinant Aβ40 peptide after 27 h incubation at 25°C at
50 mM Tris–HCl (pH 7, 5) and C = 0.2 mg/ml. Polymorphism of generated fibrils is seen. In

Figure 2. Electron microscopy images of recombinant Aβ40 peptide [0.2 mg/mL, 27 h incubation at 25°C, 50 mM Tris-
HCl (pH 7, 5)]. (a) General view (field) of recombinant Aβ40 peptide after 27 h of incubation. (b–d) Gallery of types of
Aβ40 peptide fibril images at higher magnification: (b) single fibrils; (c) ribbon-like type of fibrils; (d) bundle-like type
of fibrils; (e, f) single fibrils: (e) at horizontal packing; (f) bending sites of the single fibrils. (g) Gallery of ring oligomers.
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addition to single fibrils of several microns in length with a diameter of about 8–9 nm, there
are also fibrils, forming bands of different widths, and bundles. It seems that single fibrils
consist of two filaments. However, under high magnification, it is seen that the fibrils are
formed of rounded ring structures. The matter is that upon staining the preparations, the
staining agent dyes not only their contours, but also flows into different cavities and openings.
This should be taken into account when interpreting EM images; otherwise, a tobacco mosaic
virus fibril would consist of two parallel packed short filaments of 300 nm long. In the case of
the Aβ40 peptide preparation, under high magnification, it is also seen that the staining agent
flows into the openings of ring structures. These ring oligomer structures have a diameter of
about 8–9 nm (the width of a single fibril) and a diameter of the internal opening of about 3 nm.
Ring structures or Aβ40 oligomers form single fibrils in such a way, that ring oligomers are
layered on each other. If a fibril is absorbed on the formvar film sideways, we see a thinner
fibril with a diameter of about 4 nm. This size demonstrates an approximate height of a ring-
structured oligomer. As a matter of fact, the height is smaller, because the degree of overlap‐
ping of ring-structured oligomers should be taken into account. The greater is the overlapping,
the larger is the height of such packing of fibrils.

4.1.2. Morphology of synthetic Aβ42 peptide (Invitrogen, lot #73269340A)

The EM image of Aβ42 peptide (Invitrogen, lot #73269340A) (Figure 3) shows that after 97 h
of incubation at 37°C (water), fibrils of several microns long are formed. Polymorphism of

Figure 3. Electron microscopy images of Aβ42 peptide from Invitrogen (lot #73269340A). The sample was incubated at
37°C (water). (a) General view of the sample at 97-h incubation. (b, c) Gallery of types of Aβ42 peptide fibrils at higher
magnification: (b) single thin and (c) thick fibrils. (d) Gallery of ring oligomers.
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fibrils is observed. Thin fibrils with a diameter of about 7–8 nm and more are seen, and more
pronounced polymorphism of the generated fibrils is observed (Figure 3). At the same time,
fibrils of different diameters are present: thin ones of about 7–8 nm and wider fibrils up to
15 nm. Moreover, rounded ring-structured oligomers of about 8 nm in diameter can be seen;
the internal diameter of the ring (the diameter of the hole) is about 3 nm (Figure 3d). At
magnification, it can be seen that an oligomer consists of 4–6 smaller rounded particles
(Figure 3d). It is notable that both thin and thick fibrils are formed of such ring-structured
oligomers. Thin fibrils are characterized by more ordered interaction of separate oligomers,
while thick fibrils are generated due to random sticking of additional oligomers along the fibril
axis. Because of this way of generation, fibrils look uneven in EM images with a tendency to
branching [38].

Thus, using the EM method, we have demonstrated that fibrils of these peptides are formed
by association of rounded ring structures. Negatively stained TEM images of fibrils extracted
from AD brain tissues [39] are very similar to our EM results. Moreover, similar structures are
observed elsewhere [40].

4.2. Polymorphism of insulin fibrils

Insulin has a high tendency to aggregation and forms fibrils. Insulin fibrils were first described
in 1940 by Waugh [41]. At present, the conditions leading to the formation of active insulin
fibrils are known [42]. Insulin fibrillation occurs upon various environmental changes (pH,
ionic conditions, temperature, organic solvents, and agitation); it also depends on the methods
for producing insulin, its delivery, and storage. It should be noted that the human insulin
fibrillation is slower than that of the best studied bovine insulin [42–47].

Currently, all insulin preparations for therapeutic purposes are prepared in the form of a Zn-
containing hexamer, since in this condition it is more stable and resistant to the formation of
fibrils. When treating diabetes, insulin penetrates into muscles by injection, where it typically
forms deposits. The large size of the insulin hexamer slows its adsorption, because the hexamer
must go through the dimers in the monomeric state and only in this way penetrate into the
bloodstream. This leads to slowing down the interaction with insulin receptors and the need
to take insulin 1–1.5 h before mealtime.

Despite intensive studies of fibrillogenesis of insulin, there is no generally accepted scheme
for the formation of mature fibrils. The main difficulties arise in interpreting the beginning of
the fibrillation process. Polymerization of insulin begins from the transition of the monomer
protein from the native state to the partially unfolded conformation which can be amyloido‐
genic. The strong dependence of the reaction of polymerization on various external parameters
leads to the formation of insulin fibrils with different morphology, which complicates the
analysis of the general scheme of fibril formation.

For electron microscopy (EM) investigations, insulin samples were used at a concentration of
0.2 mg/ml. Zinc-free recombinant human insulin was obtained from “Gerofarm-Bio” (Obo‐
lensk, Russia) and was checked by the tandem mass spectrometry technique (LCQ Deca XP,
Thermo Finnigan, USA). According to the EM data on polymerization of human insulin, the
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mature protein fibrils appeared only after 8 h of insulin incubation. Active polymerization of
insulin occurs up to 10–11 h of incubation. This is accompanied by the elongation of the fibrils
for both samples up to 10–12 μm. The fibrils interact laterally with each other, resulting in the
formation of big clusters composed from ribbons, bundles, and twisting bundles (Figure 4).
Protein aggregation is the result of increasing the incubation time up to 24 h. According to the
EM data, the number of large fibril clusters increases in the samples after 24 h, but the length
of the fibrils does not change (remains about 10–12 μm) [48].

Figure 4. Electron microscopy images of human zinc-free recombinant insulin (0.2 mg/ml, 24 h incubation at 37°C, 20%
acetic acid (pH 2.0), 140 mM NaCl). (a) General view (field) of human insulin after 24 h of incubation. (b–d) Gallery of
images of types of insulin fibrils at higher magnification: (b) single fibrils; (c) ribbon-like type of fibrils; (d) bundle-type
of fibrils. (e, f) The thinnest fibrils: (e) at horizontal packing; (f) at vertical packing of ring oligomers.

5. Example of amyloid growth by the linear nucleation-elongation
mechanism (actin, apolipoprotein C-II)

Most quantitative models for linear polymerization stem from the work performed more than
half a century ago [20] proposing a kinetic model for actin polymerization. Only two of the
proteins (apolipoprotein C-II [49]: Lrel < 0.1 with the primary nucleus size n* ≈ 4–5 and actin
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with n* ≈ 3), studied in our analysis, exhibit linear growth. Formation of actin filaments occurs
by linear growth—fibrils increase only due to attachment of monomers to the aggregate ends.
This is supported by literature data [50] and by analysis of kinetic data (Figure 1). According
to the theory advanced in [33] for linear growth (observed in actin), the characteristic time of
the relative lag-period Lrel does not exceed 0.2 and is independent of ln[MΣ] as in the case of
actin (Figure 5) [50]. The size of the primary nucleus was calculated from the slope to be
n = 3.46 ± 0.28.

Figure 5. (a) Dependence of normalized ThT fluorescence on time for actin [50]. (b) Dependence of Lrel on lnT2. (c) De‐
pendence of Lrel on ln[MΣ]. The slope angle of the fitted line is about −0.01, that is, Lrel is independent of ln[MΣ]. All Lrel

values are also <0.2 which, according to the models of formation of fibrillar aggregates, means that the formation of
actin fibrils proceeds by the linear mechanism (see [33]). The errors are computed with the Student’s coefficients corre‐
sponding to 0.95 confidence level.

6. Examples of amyloid growth by the exponential mechanism and sizes of
folding nuclei of fibrils formed by different agents

In order to estimate the size of fibril nucleus (the most unstable state on the monomer to the
fibril pathway) and a possible scenario for the formation of aggregates, it is necessary to make
a number of kinetic experiments, where the only variable parameter is the monomer concen‐
tration. Characteristic times Tlag (the lag-period duration), T2 (the time of transition of all
monomers into an aggregate), and Lrel (the Tlag/T2 ratio) are calculated for each experimental
curve. It was demonstrated that the dependences of lnT2 and Lrel on ln[MΣ] (the logarithm of
the initial concentration of monomers) are linear, with gradients that can be used for the
computation of fibril nucleus sizes (including those of non-amyloid type) and for elucidation
of the mechanism of aggregate formation.

If Lrel > 0.2, the linear growth model is excluded, and, independently of lnT2 and Lrel dependence
on ln[MΣ], only the exponential growth scenario remains. The dependences of lnT2 on ln[MΣ]
and Lrel on ln[MΣ] are formally different for different exponential scenarios (i.e., “growth from
the surface,” “fragmentation,” and “bifurcation”). However, it is impossible, for example, to
distinguish the bifurcation from the fragmentation scenario from the kinetics alone if the size
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n2 of the secondary nucleus of bifurcation is zero; this implies the need for direct observations
of fibril shapes to distinguish these cases (see Refs. [33, 48] for more details).

6.1. Insulin

Now we can present three general schemes of insulin amyloid formation, which differ by the
size of folding nuclei of fibrils. For the first type, the size of nucleus is one monomer [44, 51–
53]. For the second scheme of fibril formation, the size of nucleus is two monomers and the
dimers are precursors of fibrils [5, 54, 55]. For the third scheme of polymerization, oligomers
are precursors of fibrils, and the size of oligomer can vary from three to six monomers [42, 43,
56–58].

The basis for choosing between different mechanisms of formation of fibrils is to detect various
soluble oligomers. However, at low concentrations and at early times, it is difficult to accom‐
plish accurate detection of the initial aggregates. For this purpose, a variety of optical methods,
as well as Cryo-transmission-EM, atom force microscopy, and small-angle X-ray scattering are
used [55, 57–59]. However, all these methods are not quantitative, have no reliable standards,
do not provide the full size distribution, may yield abnormal results (with microscopic
approaches—interaction with the surface during adsorption of samples), and require the
analysis of the results of certain programs to prove the statistical significance [52]. Although
all these methods provide valuable information, none of them can convincingly demonstrate
how an unstable nucleus grows to a stable seed for further growth of protofibrils, and many
experimental and theoretical models are based on this assumption.

Figure 6. (a) Dependence of normalized ThT fluorescence on time for insulin [48]. The approximation line calculated
for insulin amyloid formation with the experimental data from (a) by the least-squares method plotted in coordinates
(b): {lnT2, ln[MΣ]} and (c): {Lrel, ln[MΣ]}; [MΣ] is in mg/ml, T2 in min. The tangent coefficients of the approximation lines
are −0.51 ± 0.13 for d(lnT2)/d(ln[MΣ]) and 0.15 ± 0.31 for d(Lrel)/d(ln[MΣ]); the errors are computed with the Student’s
coefficients corresponding to 0.95 confidence level.

The growth of amyloid fibrils was studied by thioflavin T (ThT) fluorescence, which drastically
increases when ThT is bound to fibrils (Figure 6a). The renormalized curves, presented in
Figure 6a, are very similar to one another. They have large lag periods, thus excluding the
linear growth scenario. The obtained analytical solution and computer modeling allowed us
to determine the size of the nucleus from the experimentally obtained concentration depend‐

Exploring New Findings on Amyloidosis12154



ences of the relationship between the lag-time duration and the time of growth of amyloid
fibrils [33]. Figure 6b, c illustrates determination of the fibrillation scenario and the nuclei sizes
(n*, n2) for human insulin (see Table 2) [48]. The value d(lnT2)/d(ln[MΣ]) ≈ −0.5 is inconsistent
with the “growth from the surface” model but consistent with “linear growth” (which, though,
should have Lrel < 0.2, which is inconsistent with Lrel), “fragmentation” (which, though, is
inconsistent with EM images shown in Figure 4), and “bifurcation” (consistent with the EM
images), with the secondary nucleus size n2 = 0 calculated as −1 − d(lnT2)/d(ln[MΣ]); the primary
nucleus size n* = 1 + n2 − d(Lrel)/d(ln[MΣ]) = 1 (see Table 2). According to the elaborated theory,
it means that the size of the primary nucleus corresponds to one monomer.

Amyloid-forming
protein or peptide and a
ref. to its experimental
study

[MΣ],
mg/ml
(min–max) 

ln(T2/min) at
various [MΣ]
(min–max) 

Lrel at
various
[MΣ]
(min–max) 

n* ± Δn*,
primary
nucleus

n2 ± Δn2,
secondary
nucleus

Model that follows
from the Lrel and lnT2

on [MΣ]
dependencies

Human insulin [48]
(37°C)

2.0–15 4.71–5.70 1.78–2.48 0.86 ± 0.44 0.01 ± 0.13 Exponential

Human insulin [65]
(45°C)

2.5–20 3.60–4.18 5.17–5.56 1.13 ± 0.19 −0.48 ± 0.16 Exponential

LysPro human insulin
[48] (37°C)

2.0–15 5.78–4.81 2.04–4.38 0.63 ± 1.04 −0.29 ± 0.24 Exponential

Table 2. The range of Lrel and lnT2 values, the sizes of the primary (n*) and secondary (n2) nuclei and the amyloid
growth scenarios obtained from experimental kinetic data alone.

6.2. LysPro human analog insulin

We have investigated the kinetics of formation of fibrils by monomeric rapid-acting insulin
LysPro [48]. According to our data, fibril formation of the insulin analog at pH 2 proceeds by

Figure 7. (a) Dependence of normalized ThT fluorescence on time for LysPro insulin [48] The approximation line calcu‐
lated for LysPro insulin amyloid formation with experimental data from (a) by the least-squares method plotted in co‐
ordinates (b): {lnT2, ln[MΣ]} and (c): {Lrel, ln[MΣ]}; [MΣ] is in mg/ml, T2 in min. The tangent coefficients of the
approximation lines are −0.35 ± 0.25 for d(lnT2)/d(ln[MΣ]) and 0.07 ± 0. 80 for d(Lrel)/d(ln[MΣ]); the errors are computed
with the Student’s coefficients corresponding to 0.95 confidence level.
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5 h longer than that of the recombinant human insulin. These data seem to us important
because the rate of aggregation of insulin preparations is an important health problem not only
in the production and storage of insulin, but also for its frequent injections. In this regard, the
process of fibrillation should be analyzed for all developed analogs, already prepared for
clinical trials and for mass production. Examination of EM images of growing insulin LysPro
fibrils shows that they occurred with a kind of the “bifurcation plus lateral growth” scenario
[48]. The growth of amyloid fibrils was studied (Figure 7) by thioflavin T (ThT) fluorescence,
which drastically increases when ThT is bound to fibrils. The dependence of Lrel and lnT2 on
ln[MΣ] (Figure 7) was used to estimate sizes of the primary and secondary nuclei. Similar to
insulin fibrils, the size of the first nucleus is one monomer, and the size of the secondary nucleus
is zero (see Table 2). It should be noted that “one monomer” may correspond to the oligomer
structure consisting of 2–6 monomers, if we did not start from the pure monomers in solution.

6.3. Aβ40

The experimental kinetics data on the formation of amyloid aggregates, which we used to
calculate the sizes of nuclei of amyloid protofibrils formed by Aβ40, were taken from paper
[60]. For all the experimental data, we obtained Lrel >> 0.2, which means that the process goes
by the exponential mechanism of fibril formation (Figure 8). For Aβ40, we obtained that the
size of the primary nucleus is two monomers, and the secondary nucleus size is one monomer.

Figure 8. (a) Dependence of normalized ThT fluorescence on time for Aβ40 [60]. The approximation [Insert figure cap‐
tion here] line calculated for Aβ40 amyloid formation with experimental data from (a) by the least-squares method
plotted in coordinates (b): {lnT2, ln[MΣ]} and (c): {Lrel, ln[MΣ]}; [MΣ] is in μM, T2 in hours. The tangent coefficients of the
approximation lines are −0.79 ± 0.18 for d(lnT2)/d(ln[MΣ]) and −0.03 ± 0.32 for d(Lrel)/d(ln[MΣ]); the errors are computed
with the Student’s coefficients corresponding to 0.95 confidence level.

6.4. Aβ42

The exponential growth with branching takes place for both Aβ40 and Aβ42 peptides (see
Figures 8 and 9). Interestingly, according to our analysis, for Aβ42, the size of the primary
nucleus of the amyloid protofibril is larger than that of Aβ40, although the mechanism of
amyloid fibril formation must be similar. This is consistent with the recent data, which
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compares the behavior of the two peptides during the aggregation process [60]. The primary
nucleus size for Aβ42 is three monomers, and the secondary nucleus size is two monomers.

Figure 9. (a) Dependence of normalized ThT fluorescence on time for Aβ42 [61]. The approximation line calculated for
Aβ42 amyloid formation with experimental data from (a) by the least-squares method plotted in coordinates (b): {lnT2,
ln[MΣ]} and (c): {Lrel, ln[MΣ]}; [MΣ] is in μM, T2 in hours. The tangent coefficients of the approximation lines are
−1.48 ± 0.14 for d(lnT2)/d(ln[MΣ]) and 0.22 ± 0.13 for d(Lrel)/d(ln[MΣ]); the errors are computed with the Student’s coeffi‐
cients corresponding to 0.95 confidence level.

6.5. Human cardiac titin immunoglobulin domain I27 (TI27)

To determine the sizes of folding nuclei for amyloid formation, calculations were done using
the data of aggregation kinetics for the I27 immunoglobulin domain from human cardiac titin
(TI27) [62]. The set of data was digitized, and in the case of TI27, part of the curve was excluded
from the analysis. It was found that the growth of amyloids formed by TI27 is exponential,
that is, in addition to the primary core nucleation secondary nucleation by a branching
mechanism also takes place, accelerating the formation of new fibrils.

Figure 10. (a) Dependence of normalized ThT fluorescence on time for TI27 [62]. (b) Dependence of lnT2 on ln[MΣ] for
TI27. This was used to calculate the size of the secondary nucleus. The slope of the fitted line is about −1.26 which,
according to formulas from [33], indicates that the size of the secondary nucleus is n2 = 1.52 ± 0.36. (c) Dependence of
Lrel on ln[MΣ] for TI27. The slope of the fitted line is −0.1, that is, Lrel is dependent on ln[MΣ]. Some Lrel values exceed 0.2
and, according to [33], cannot be explained by the linear model. The size of the primary nucleus was calculated based
on the size of the secondary nucleus, and the slope of the straight line is 2.42 ± 0.46. The errors are computed with the
Student’s coefficients corresponding to 0.95 confidence level.
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It is seen from Figure 10c that though the values of Lrel for TI27 do not exceed 0.2, Lrel depends
on ln[MΣ] and so, as mentioned above, cannot occur by the linear mechanism. This effect can
be explained by the presence of second nucleation cores with n2 = 1.52 ± 0.36 (Figure 10b). It is
interesting that in spite of the difference in the aggregation mechanism, the size of the primary
nucleation core for TI27 was 2.42 ± 0.46 (Figure 10c) similar (within error) to the primary
nucleation core, 3.46 ± 0.28 (Figure 5), calculated for actin [50].

7. Concluding remarks

Amyloid fibril polymorphism suggests various ways of their formation from monomers
through different oligomers (intermediates of various sizes and shapes) to mature fibrils of
different morphology. It is very likely that the surface of the formed fibrils can serve as a matrix
for lateral polymerization of monomers/oligomers on it, as reported in the literature [47, 63,
64]. The above complicates the explanation of the mechanism of formation of fibrils and the
proposal of a single scheme of polymerization for many proteins. It should be noted that a
combination of several mechanisms is quite possible and can be observed sometimes in
experiments.

Thus, despite some common features of formation of fibrils of different proteins, each of them
has its own specific route for fibrillogenesis, which is originally determined by the amino acid
sequence of the protein and is strongly dependent on environmental conditions and seed
addition. It is clear that there is need for a serious analysis of data on various proteins to explain
various routes for fibril formation that will help identify conditions that affect the initial
formation paths (lag time) and find ways to block the entire process, which is an important
task in the prevention and treatment of diseases associated with amyloid deposits.

A detailed study of molecular and cellular processes underlying the development of protein‐
opathy, search for targets for drug development and the use of the obtained data in the
development of methods for early diagnosis are essential for the successful treatment and
prevention of common diseases. Due to the new generation of neuroprotective drugs acting
directly on the pathogenesis of the disease, all components of the cascade of pathological key
protein aggregation proteinopathy can be regarded as potential targets. We believe that the
combination of theoretical and experimental approaches employed throughout our research
is particularly useful and productive for obtaining new important results.
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Abstract

Although the aggregation process of amyloidogenic proteins has been widely studied
in vitro and many physiological factors have been identified, the molecular mecha‐
nisms  underlying  the  formation  of  aggregates  in  vivo  and  under  pathological
conditions are still poorly understood. Post‐translational modifications are known to
affect protein structure and function. Some of these modifications might affect proteins
in detrimental ways and lead to their misfolding and accumulation. Reducing sugars
play  an  important  role  in  modifying  proteins,  forming  advanced  glycation  end‐
products (AGEs) in a nonenzymatic process, called glycation. Recently, much attention
has been devoted to the role played by glycation in stimulating amyloid aggregation
and cellular toxicity. Proteins in amyloid deposits are often found glycated, suggest‐
ing a direct correlation between protein glycation and amyloidosis.

AGE products increase in aging and are considered a marker for several diseases such
as Alzheimer disease and diabetes. In addition to directly affecting the protein structure
and function, AGEs also induce cellular toxicity.

This chapter focuses on the molecular effects induced by glycation in the amyloid
aggregation of several protein models. In particular, both the structural effects induced
by glycation and their consequence on cellular toxicity will be extensively described.

Keywords: amyloid aggregation, protein glycation, AGEs, cellular toxicity

1. Introduction

Reducing sugars play an important role in modifying proteins, forming advanced glycation
end‐products (AGEs) in a nonenzymatic process, called glycation. This process is different

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



from glycosylation; indeed, these two post‐translational modifications affect the structure of
the target protein in a different way. Glycosylation is a selective protein modification, driven
by specific enzymes, that is generally associated with a gain of function (or stabilization) of
the target protein. Nonenzymatic glycation is a nonselective modification, and it is generally
associated with a loss of function of the target protein due to modifications of its native
structure. While glycosylation is a well‐controlled cellular mechanism, nonenzymatic
glycation depends on the exposure of free amino groups in the polypeptide chain, concentra‐
tion of the sugar, and oxidative conditions. Glycation is a pathological process that is highly
relevant in diabetes patients, as it plays a crucial role not only in diabetic complications but
also in the normal aging process. Increasing evidence suggests a link between diabetes and
neurodegenerative processes such as Alzheimer and Parkinson diseases [1]. In this respect,
much attention has been recently devoted to the role played by nonenzymatic glycation of
proteins in stimulating amyloid aggregation and toxicity. The observation that proteins in
amyloid deposits, such as β‐amyloid, tau, prions, transthyretin, and β2‐microglobulin, are often
found glycated in patients suggests a direct correlation between protein glycation and amyloid
formation [2–8]. This is thought to be associated with the formation of cross‐links that stabilize
protein aggregates. Indeed, AGEs formation can not only interfere with the regular function‐
ing of the proteins to which they are attached but also induce the formation of covalent cross‐
links with close proteins. In addition, glycation can affect the protein degradation process [9],
and, being an abnormal modification, it has been found to induce some proteins to misfold
and, thus, promote protein aggregation [10–12].

Moreover, the AGE‐modified proteins are tightly involved in physiopathological cellular
mechanisms. Once formed, AGEs interact with specific cellular receptors leading to the
activation of different signaling pathways. The most studied AGE‐receptor, known as RAGE,
is a multiligand receptor belonging to the immunoglobulin superfamily [13, 14]. The activa‐
tion of RAGE regulates key cellular processes such as inflammation, apoptosis, proliferation,
autophagy, and recently it has been associated with the pathogenesis of amyloidosis [15, 16].
In neurons, glia, and endothelial cells, RAGE is also the binding site for Aβ peptide on the cell
surface and mediates Alzheimer's disease pathology [15, 17, 18].

2. Protein glycation

The nonenzymatic glycation of protein amino groups by reducing sugars (also called Mail‐
lard reaction) is a chemical reaction common to all cell types: glycated products slowly ac‐
cumulate in vivo, leading to several different protein dysfunctions caused by alterations of
their integrity [19, 20]. The process begins with a nucleophilic addition reaction between a
free amino group of a protein and a carbonyl group of a reducing sugar, forming a reversi‐
ble intermediate product (Schiff's base). Side‐chains of arginine and lysine residues and the
N‐terminal amino group of proteins are the main targets of protein glycation. The process
depends on several conditions, such as the concentration and reactivity of the glycation
agent, the presence of catalytic factors (metals, buffer ions, and oxygen), the physiological
pH, temperature, and the half‐life of each protein. All reducing sugars can participate in
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glycation reactions and, among them, D‐ribose is the most active form, and its intracellular
level can be quite high. D‐glucose is the less reactive form and its intracellular concentration
is negligible, while dicarbonyl compounds, such as methylglyoxal and glyoxal, are far more
reactive. These compounds are intermediates of glycation reaction, but can also be generat‐
ed by various oxidative processes and be formed through other metabolic pathways such as
glycolysis and catabolism of threonine and ketone bodies. The levels of D‐ribose in the
blood are estimated around 20 mg/L in healthy individuals, while that of D‐glucose are
around 6–10 g/L. Once formed, the Schiff's base can convert into a stable ketoamine by
Amadori rearrangement (Figure 1). This reaction is reversible, depending on the concentra‐
tion of the reactants. The late stage of the process is an irreversible cascade of reactions in‐
volving enolization, dehydration, condensation, oxidation, fragmentation, and other
rearrangements, leading to the formation of AGEs [21]. Glucose, Schiff's base, and Amadori
product, can also exhibit auto‐oxidation reactions that are responsible for free radicals and
highly reactive carbonyl compound production. These compounds can react with other ami‐
no acid side‐chains and further contribute to post‐translational modifications. Unlike organ‐
ic syntheses, AGEs formation does not produce well‐defined products but a large number of
structures. The pathways leading to several AGEs are extensively outlined in [22]. Glycation
reaction produces very reactive intermediates that can promote the formation of intramolec‐
ular and intermolecular cross‐links within AGE‐modified protein monomers. However, the
reaction can also evolve into AGE protein adducts unable to form covalent cross‐links
(Figure 1).

Figure 1. Simplified reaction scheme of some chemical processes involved in AGE formation. The reaction between
a free amino group of a protein and the carbonyl group of a reducing sugar leads to the production of the Schiff’s base
that can turn into a stable ketoamine by Amadori rearrangement. Glycation reaction can evolve to AGE derivatives,
forming, that is, di‐aminoethyl bridge, or not forming, that is, carboxymethyl‐lysine, intramolecular and intermolecu‐
lar protein cross‐links. Adapted from Glomb and Monnier [23].
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3. Differential effects of glycation on protein aggregation and cytotoxicity

Several proteins related and not related to misfolding diseases have been so far examined to
investigate the effect of glycation on their propensity to aggregate and form amyloid structure.

3.1. Proteins related to misfolding diseases

3.1.1. Aβ‐peptide

Aβ‐peptide is crucially involved in Alzheimer's disease as the main component of the amyloid
plaques found in the brains of Alzheimer patients. This peptide results from the amyloid
precursor protein (APP), which is cleaved by beta‐secretase and gamma‐secretase. Although
carbohydrates are directly involved in the formation of neurofibrillary tangles and senile
plaques in the brains of the patients with Alzheimer disease (AD) [24–26], their influence on
the mechanism of Aβ peptide aggregation and induced cell toxicity is still controversial. Vitek
et al. [10] reported, for the first time, that plaque fractions of AD brains contained about
threefold more AGE adducts than preparations from healthy, age‐matched controls. This
observation was further corroborated by immunohistochemical studies on postmortem tissues
that identified AGEs as major components of amyloid plaques [27]. Studies in vitro have shown
that AGE‐modified Aβ peptide‐nucleation seeds induce fast aggregation of the soluble Aβ
peptide compared to nonmodified seed material [10]. Aggregation of the Aβ peptide follows
a nucleation‐dependent polymerization process, consisting of two steps, an initial slow
nucleus formation, followed by a rapid growth phase. The formation of a nucleus is a reversible
process dependent on the concentration of the peptide monomer; thus, it is likely that the
initiation of the process at a subthreshold concentration may be started by irreversible covalent
cross‐linking of the glycated monomers [10]. The AGEs species that enhance nucleation were
suggested to be the relatively early glycation products as evidenced by the time course over
which glucose accelerated the formation of Aβ peptide aggregates. Successively, it has been
reported that glycation by fructose also promotes amyloid aggregation in vitro of Aβ pep‐
tide. During the aggregation process, both nucleus formation and aggregates’ growth were
accelerated by AGE‐mediated cross‐linking [28, 29]. Specifically, an increased content of
oligomeric forms at the expense of fibrillar species was detected when Aβ peptide was
incubated in the presence of glucose or fructose [29]. These species resulted to improve cell
viability probably due to the stabilization of the oligomeric forms. Indeed, the mechanism by
which Aβ induces toxicity is intimately associated to the conformational state of the peptide,
the fibrillar forms rather than the soluble oligomers result more toxic to cells [30]. However,
increasing evidence has recently shown that soluble oligomers are also cytotoxic, both in vitro
and in vivo [31, 32]. The idea that all amyloid oligomers are intrinsically toxic has recently been
questioned by a number of evidence showing that, depending on the growth conditions, the
same protein/peptide can generate structurally different oligomers endowed with different
stability, hydrophobic exposure, compactness, and cytotoxicity [33]. Aβ oligomers display a
high degree of polymorphism with different structural, biophysical, and cytotoxic proper‐
ties. In particular, Aβ oligomers have been classified as A+ and A-, with A+ more toxic than
A- oligomers, possibly as a consequence of the increased exposure of hydrophobic residues
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that would favor their interaction with the plasma membrane [34, 35]. In this respect, glyca‐
tion could affect the structural and physicochemical features of amyloid oligomers as well as
their interaction to the cell membrane and, consequentially, induce different cytotoxicities.
Also, glycation by methylglyoxal promotes the formation of β‐sheets, oligomers, and protofi‐
brils in Aβ peptide as well as the increase in size of the oligomers, suggesting an enhance‐
ment of intermolecular and intramolecular interactions which stabilizes the aggregate
species [36].

Aβ peptide has been identified as a ligand of RAGE, and the Aβ–RAGE interaction triggers
the activation of different signaling pathways responsible for the neuronal cell death [37].
RAGE is overexpressed in the AD brains, and its upregulation has been shown to mediate Aβ‐
induced oxidative stress, activation of transcription factor Nf-κB, and apoptosis [38, 39].
Recently, Li et al. [40] have reported that fully glycated Aβ peptide (long incubation with
methylglyoxal) exacerbates the neuronal toxicity by the upregulation of RAGE and subse‐
quent activation of death‐signaling pathways. These apparently contrasting effects of the
cytotoxic properties of the glycated Aβ could be explained, assuming that glycation induces
two different mechanisms in time: an immediate cytoprotective effect, likely associated with
the structural properties of the oligomers, and a toxic effect at longer times associated to AGE
formation.

3.1.2. β2‐Microglobulin

β2 microglobulin (β2M) is a major constituent of amyloid fibrils deposited in patients with
hemodialysis‐associated amyloidosis. This type of amyloidosis is a common and serious
complication in patients on long‐term hemodialysis.

Glycation seems to promote amyloid aggregation in β2M. In particular, D‐ribose has been
shown to rapidly induce human β2M to generate AGEs and form aggregates in a time‐
dependent manner [41]. The process takes few days in vitro and proceeds through the
formation of covalent cross‐links that are likely to favor protein aggregation. Ribosylated β2M
was highly oligomerized compared to unglycated protein, and had a granular morphology
[41]. Furthermore, once ribosylated β2M aggregates have been formed, they are difficult to be
degraded by proteases and can persist in human tissues for a long period. These oligomeric
aggregates show significant cytotoxicity to human neuroblastoma and fibroblast cells. Indeed,
the exposure of cells to ribosylated β2M aggregates resulted in a significant increase of
intracellular reactive oxygen species (ROS), and thereby induced apoptosis [41]. Inhibition of
fibril extension in vitro was reported for β2M also upon glycation with D‐glucose [42]. As
glycated β2M is found as a major component of the amyloid deposits in hemodialysis‐
associated amyloidosis [2], these findings suggest that glycation could promote the forma‐
tion of stable β2‐microglobulin aggregates in vivo that contribute to the cell dysfunction and
death, thus playing an important role in the pathogenesis of β2M‐associated diseases.
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3.1.3. Insulin

Insulin is a small protein hormone that is crucial for the control of glucose metabolism.
Monomeric insulin undergoes amyloid aggregation in vivo, and insulin amyloid‐like fibrils
are the hallmark of a clinical condition observed in insulin‐dependent diabetic patients, called
insulin injection amyloidosis.

Glycation of insulin has been reported to differentially affect protein structure, stability, and
aggregation, depending on the glycating agent and/or environmental conditions. This protein
is intimately associated with glycemia and is vulnerable to glycation by glucose and other
highly reactive carbonyls, especially in diabetic conditions [43]. Glycated insulin is unable to
regulate glucose homeostasis in vivo and to stimulate glucose transport and adipose tissue
lipogenesis [44].

In vitro experiments have shown that insulin can be glycated by glucose to be able to react
with Lys29 in the C‐terminal region of chain B and with N‐terminus of chains A and B [45, 46].
Glucose induces the formation of glycated insulin adducts having different structural features,
depending on the experimental conditions used. In particular, glycation in reducing condi‐
tions is able to induce insulin oligomerization, thus accelerating amyloid formation. On the
contrary, glycation in nonreducing conditions strongly inhibit amyloid formation in a way
proportional to the glycation extent [47]. Probably, under the latter conditions, insulin adducts
possess a higher internal dynamics that prevent formation of the rigid cross‐β core structure,
thus reducing the ability to form fibrils. Human insulin can also be glycated by methylglyox‐
al able to react with a single site, that is, Arg22 of the B‐chain. This modification promotes the
formation of native‐like aggregates and reduces the ability of human insulin to form fibrils by
impairing the formation of the seeding nuclei. These aggregates are small, soluble, nonfibril‐
lar, and retain a native‐like structure. The lag‐phase of the nucleation‐dependent polymeriza‐
tion process increased as a function of methylglyoxal concentration [48]. Also, using ribose as
the glycating agent, the insulin's native conformation is preserved and does not evolve in
amyloid aggregates, because ribosylation impairs the α‐helix to β‐sheet transition, maintain‐
ing the protein in a soluble monomeric state [49]. Again, the effects may be ascribed to a higher
dynamics in glycated insulin leading to impairment in the formation of the rigid cross‐β
structure. However, ribose‐glycated insulin strongly affects the cell viability, triggering a death
pathway involving the activation of apoptotic signaling, intracellular reactive oxygen
species (ROS) production, and activation of the transcription factor Nf‐κB [49].

3.1.4. α‐Synuclein

α‐Synuclein is a natively unfolded protein which is found in the typical amyloid fibrillar form
in the intraneuronal Lewy bodies (LBs) in Parkinson's disease (PD). Several factors such as
metals, oxidative stress, failure of proper protein degradation, and mutations are associated
to the altered protein conformation and function [50, 51]. Post‐translational modifications like
phosphorylation and glycation are known to affect the α‐synuclein aggregation process [52].
Glycation was first reported to be present in the substantia nigra and locus coeruleus of
peripheral LBs [53]. Increased accumulation of AGEs was detected in neuronal LBs and glial
cells in the frontal cortex of early‐stage PD brains, suggesting a role for AGEs in the disease
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[54]. Moreover, AGEs and α‐synuclein were found similarly distributed and colocalized in
early LBs in the brains of PD patients [6, 55]. Intracellular accumulation of AGEs precedes α‐
synuclein‐positive inclusion body formation, and extracellular AGEs accelerate the process of
intracellular α‐synuclein‐positive inclusion body formation [56].

In vitro studies showed that AGEs promote cross‐linking of α‐synuclein. The protein con‐
tains 15 lysine residues making it a target for glycation at multiple sites. Glycation with both
methylglyoxal and glyoxal induces oligomerization of α‐synuclein and inhibits the forma‐
tion of amyloid fibrils [57, 58]. Under aggregation conditions, glycated α‐synuclein promot‐
ed the β‐sheet conversion and the formation of spherical aggregates which were similar to
oligomeric intermediates in their size and morphology, but no further elongation to fibrils was
observed. Moreover, protein fibrillization was significantly suppressed by the seeding of
modified α‐synuclein species [57]. However, AGEs formation did not alter the secondary
structure: the glycated α‐synuclein showed similar random coil conformation as the native
protein [57, 58]. Similar results were obtained with D‐ribose: ribosylation of α‐synuclein
promotes the formation of molten globule‐like aggregates and not fibrils. Moreover, these
aggregates induce oxidative stress in cell models and result in high cytotoxicity. Changes in
secondary structure upon ribosylation were not detected in α‐synuclein. However, conforma‐
tional changes in the tertiary structure occurred as suggested by change in intrinsic fluores‐
cence and exposure of hydrophobic patches [59]. The glycation‐induced folding alterations
might affect the aggregation kinetics of α‐synuclein inducing oligomerization and stabilize
oligomeric aggregates.

Choi and Lim [60] reported, in a mouse model of parkinsonism, that α‐synuclein is modified
by AGEs in vivo. The authors showed that an oligomeric form of α‐synuclein is linked to Nε‐
(carboxymethyl)lysine (CML) and Nε‐(carboxyethyl)lysine (CEL) suggesting that the AGEs
modification is involved in the aggregation of the α‐synuclein in vivo.

These results indicate that glycation of α‐synuclein results in the formation of oligomeric or
globular structures that are the more toxic aggregate forms. Thus, it is likely that, in a glycation‐
prone environment, more cytotoxic α‐synuclein aggregates or oligomers are formed contri‐
buting to the pathogenesis of PD.

3.1.5. Lysozime

Hen egg white lysozyme (HEWL) has also been used to study the impact of glycation on
protein structure and aggregation. HEWL is a structural homolog of human lysozyme,
responsible for systemic amyloidosis disease and, for this reason, it is considered a very good
model for amyloid aggregation studies. HEWL undergoes glycation in vitro, and potential
glycation sites are considered to be the N‐terminal α‐amino group, ε‐amino group of lysine
residues, and guanidino group of arginine residues [61]. Glycation of HEWL has been tested
over a prolonged period in the presence of D‐glucose, D‐fructose, and D‐ribose [62, 63]. Among
the tested sugars, D‐ribose resulted to be the most effective one, and glycation has been found
to promote formation of cross‐linked oligomers but no fibrillar species in HEWL. More
recently, ribosylation of HEWL in the early phase of the process has been studied by comple‐
mentary high‐resolution techniques [64]. These studies indicate that ribosylation modifies the
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protein surface in HEWL without altering the overall structure but affecting its hydrophobic
surface. Such modifications lead to the formation of native‐like spherical oligomers, able to
affect cell viability, which further evolve into insoluble native‐like protofibrils [64].

3.2. Proteins not related to misfolding diseases

3.2.1. Albumin

Human serum albumin (HSA) is the most abundant protein in human plasma or serum
(around 60% of total proteins). Serum albumin is known to be capable of self‐assembling in
amyloidogenic aggregates under particular experimental conditions (pH, temperature,
concentration, and isoelectric point) and is a widely used model for the study of amyloid
aggregation. Both HSA and bovine serum albumin (BSA) have been shown to be efficiently
glycated in vitro by different glycating agents. Glycation and AGE modifications of serum
albumin induce structural changes that depend on the chemical reactivity of the modifying
reagent and the concentration used for in vitro glycation. However, glycation has been shown
to promote strong conformational changes affecting both secondary and tertiary structures.
Such modifications in tertiary structure have been revealed by complementary spectroscopi‐
cal techniques: circular dichroism (CD), Fourier transform infrared (FTIR), nuclear magnetic
resonance (NMR), and fluorescence spectroscopy [65–69]. In particular, the microenviron‐
ment of Trp214 seems to be strongly affected by glycation as indicated by fluorescence and
NMR spectroscopy [66, 69]. Such conformational changes in the tertiary structure could be a
consequence of molecular rearrangements after the formation of AGE products. Indeed, some
of these AGEs forming covalent cross‐links within adjacent protein strands require conforma‐
tional changes which produce more apolar and tight molecules with respect to the native
protein. Besides, the accessibility of the hydrophobic regions in the protein has been shown to
increase with glycation [67, 68]. Modification at the secondary structure level can be detect‐
ed only at longer times of incubation with glycating agents. This could be due to the fact that
glycation is likely to induce loss of tertiary structure before that of secondary structure, as
suggested by comparing intrinsic fluorescence and far‐UV CD results in glycated albumin [65,
66, 70].

Glycation‐induced protein misfolding promotes the formation of amyloid‐like aggregates in
serum albumin [12, 71, 72]. These amyloid‐like deposits appear as densely staining granules
under atomic force microscopy and are able to bind the amyloid‐specific dye thioflavin T. Also,
they were shown to induce high cytotoxicity that triggers cell death by activation of cellular
signaling cascades. In fact, independent experiments have shown that aggregates of glycated
BSA are able to induce ROS‐mediated oxidative stress and apoptosis in both neurotypic SH‐
SY5Y and MCF‐7 cells. These results indicate that glycation of serum albumin results in the
formation of oligomeric or globular structures that are the more toxic aggregate forms [68, 72].

These observations could have important implications, as serum albumin, being a circulat‐
ing protein, is likely undergoing glycative alteration in the case of diabetes pathology and
hyperglycemia. For instance, antioxidant activities of serum albumin were impaired in patients
with diabetes.
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3.2.2. Apomyoglobin

Apomyoglobin (i.e., heme‐free myoglobin) is a small, soluble α‐helical protein able to form
amyloid fibrils under particular experimental conditions. In addition, an apomyoglobin
mutant, that is, W7FW14F, is able to form amyloid fibrils in physiological conditions of pH
and temperature, and for this reason this protein is a good model for the study of amyloido‐
sis [73–78].

Wild‐type apomyoglobin is rapidly glycated in vitro by different glycating agents, and
glycation has been shown to induce strong conformational changes, affecting both secon‐
dary and tertiary structures. In particular, glycation induces partial loss of the helical con‐
tent in apomyoglobin without promoting an α to β transition, typical of the amyloid aggregates.
Glycation induces strong modifications in the tridimensional organization, as suggested by
the loss of ability of the glycated protein to bind the prosthetic group [79]. Such modifica‐
tions eventually lead to the formation of oligomeric species, stabilized by intermolecular cross‐
links, able to affect cell viability as observed for amyloid prefibrillar oligomeric aggregates,
specifically, cell exposure to fully glycated wild‐type apomyoglobin‐induced ROS‐mediated
apoptosis [79].

At the same time, glycation has been shown to affect the aggregation kinetics in the W7FW14F
apomyoglobin mutant, able to form amyloid fibrils in physiological conditions [73–78]. In
particular, glycation accelerates the formation of harmless amyloid fibrils in the apomyoglo‐
bin this amyloidogenic mutant [76]. A plausible explanation for such faster kinetics could be
related to a higher tendency of the mutant to form intermolecular links upon glycation able to
reduce the flexibility of aggregation‐prone regions and thus favor the subsequent step of fibril
elongation.

Although apomyoglobin is not related to any amyloidogenic diseases, it represents a suita‐
ble model for studying the role of glycation in amyloid aggregation. Indeed, due to the different
aggregation propensities of the native protein and the W7FW14F mutant in physiological
conditions, this protein model allows to dissect the effect of glycation in promoting amyloid
aggregation and contributes to the aggregation kinetics. The above results indicate that
glycation can be considered not only a triggering factor in amyloidosis but also a player in
later stages of the aggregation process.

4. Molecular effects of glycation on amyloid aggregation process

The overall evidences on several model proteins indicate that AGE modifications may alter
the folding state of proteins and their solubility, thereby influencing protein aggregation. The
main outcome of this study is that the effect of glycation on amyloid aggregation cannot be
generalized. Indeed, being a post‐translational modification, it differentially affects the
aggregation process in proteins by promoting, accelerating, and/or stabilizing on‐pathway and
off‐pathway species (Figure 2). Molecular basis of such modulation are still poorly under‐
stood. Most of the evidence indicate that glycation strongly affects the tertiary structure of the
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target protein promoting the formation of globular amyloid‐like deposits [62, 72]. Depend‐
ing on the protein involved, glycation induces chemical modifications of the positively charged
side chains (mostly lysine, arginine, and N‐terminus), thus affecting the protein charge and
favoring the exposure of its hydrophobic surface. This effect could trigger native‐like aggre‐
gation favoring the formation of small oligomers that, being stabilized by the AGE‐derived
covalent cross‐links, do not evolve into amyloid fibrils. Recent evidence indicates that
glycation promotes the formation of the amyloid oligomeric species in several model pro‐
teins (Figure 2B). However, glycation does not necessarily induce protein oligomerization.
Due to the complexity of the glycation reaction, some AGE adducts might not evolve to the
formation of protein cross‐links. In this case, glycation seems to stabilize the monomeric form
thus inhibiting the amyloid aggregation process as observed for ribosylated human insulin
(Figure 2C). Moreover, the cross‐links of AGE‐derived oligomers do not necessarily show
amyloid properties (Figure 2D). However, AGEs‐modified proteins are always able to affect
cell viability, irrespective of amyloid properties.

Figure 2. Effects of glycation in amyloid aggregation. Protein monomers are shown as blue dots, AGE‐derived cross‐
links are shown in gray, and AGE modification are shown in red. (A) Typical amyloid aggregation pathway. Possible
effects induced by glycation: (B) promote the formation of amyloid oligomeric species stabilized by covalent cross‐
links; (C) stabilize the monomeric form thus inhibiting amyloid aggregation; (D) promote the formation of cross‐linked
nonamyloidogenic oligomers.

5. Role of glycation in the amyloid‐induced cell toxicity

The effect of glycation on the aggregation process has important implications in the patho‐
logical mechanisms involved in amyloid diseases. In most proteins, glycation has been shown
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to stabilize the aggregates in the oligomeric forms. This modification has important patholog‐
ical implications as oligomeric species are known to be far more toxic than the fibrillar
aggregates [80, 81]. The oligomeric species may interact with the cell membrane, altering its
permeability and leading to cell homeostasis imbalance and neuronal cell dysfunction [82].
Recent evidence indicates that the amyloid oligomer toxicity is not strictly related to the
oligomer properties, but rather a behavior that results from a complex interplay between the
structural properties of both oligomers and cell membrane taken as a whole. Indeed, oligom‐
ers of comparable size but different structure and biophysical properties can display differ‐
ent toxicities, possibly as a consequence of the increased exposure of hydrophobic residues
that would destabilize them and favor the interaction with the plasma membrane [83]. In this
respect, glycation could affect structural and physicochemical features of amyloid oligomers
as well as their interaction to the cell membrane and subsequently modulate and/or induce the
cell toxicity. Also, the glycated oligomeric species can induce formation of reactive oxygen
species, worsening the oxidative stress in the cell and further promoting protein glycation.
Moreover, protein glycation leads to the formation of AGEs which have a pathological role in
several diseases [84–86]. AGE adducts may therefore activate, through interaction with RAGE
receptor, inflammatory response generally associated to amyloid toxicity [13]. The AGE–
RAGE binding results in the activation of NADPH‐oxidases that leads to an increased
production of ROS. A key downstream target of RAGE is the proinflammatory Nf‐κB pathway,
which in turn leads to high RAGE expression, producing a feedback loop in which continu‐
ous activation of RAGE keeps the cellular inflammatory state activated [14, 87].

Glycated proteins are also resistant to proteasomal degradation; once proteins become
glycated at their exposed lysine residues, clearance by the ubiquitin–proteasome system would
be impaired, because ubiquitination at lysine residues, a modification that targets proteins to
the proteasome for degradation, might be impeded. Thus, accumulation of proteins as
aggregates or as depositions or inclusions in tissues might be favored after glycation.

Taking into account the above considerations, protein glycation can be considered a key
dynamic contributor to these multifactorial diseases. In fact, it can both promote the forma‐
tion of pathological oligomeric species and directly trigger cell dysfunction, damage, and death
through the AGEs formation. For these reasons, AGEs are considered key therapeutic targets
in amyloidosis, and anti‐AGEs drugs are objects of intense ongoing research. Specifically, three
main strategies have been developed to counteract the AGEs’ effects: (i) to prevent the
formation of AGEs; (ii) to break cross‐links after their formation; (iii) to prevent AGEs’ negative
effects.

In vitro and in vivo experiments have shown that many compounds including aminoguani‐
dine, antioxidants such as vitamin C and vitamin E, pyridoxamine, thiamine and its synthet‐
ic derivative benfotiamine, alpha‐lipoic acid, taurine, pimagedine, aspirin, carnosine,
metformin, pioglitazone, and pentoxifylline are able to inhibit AGE formation. Some of these
compounds have already been used in clinical practice and some others are under clinical
trials. Compounds that have been shown to break existing AGE cross‐links mainly include
alagebrium (and related ALT‐462, ALT‐486, and ALT‐946) and N‐phenacylthiazolium
bromide. Studies with the aim to counteract the negative effects of the AGEs mainly involve
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the use of natural products as polyphenols, such as resveratrol and curcumin and some
flavonoids [88–90].

However, although in vitro and in vivo studies have shown the beneficial effects of various
coumpounds, the potential clinical value of these interventions remains to be established. In
fact, it seems that safety and/or efficacy in clinical studies with these compounds are still a
concern.
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Abstract

There is now abundant evidence that chronic inflammation in the brain is central to
the pathogenesis of Alzheimer's disease (AD) and that this is precipitated through
accumulation  of  amyloid  beta  (Aβ)  peptides.  In  this  review,  we  first  outline  this
evidence  and  how  specific  receptors  on  microglia  and  monocyte/macrophages
determine whether extracellular Aβ peptides can be cleared through non‐inflammato‐
ry phagocytosis or instead result in pro‐inflammatory cytokine generation. Most efforts
of  treatment  for  AD so  far  have  focused on reduction of  Aβ levels  (in  particular
neurotoxic oligomers of Aβ1‐42) in the brain. Recent findings suggest an alternative
approach in which pro‐inflammatory responses to Aβ peptides are targeted to reduce
injury.  Most  recently  evidence  has  come to  light  that  Aβ peptides  resemble  anti‐
microbial peptides which are part of the innate defense system against infection. Such
peptides act both by directly inactivating pathogens, but also by modulating respons‐
es of innate immune cells,  including phagocytes. Indeed, Aβ peptides, particularly
Aβ1‐42,  do  inhibit  a  range  of  potential  pathogens,  including  bacteria,  fungi,  and
viruses. Coupling this with evidence linking chronic viral, bacteria, or fungal infection
to AD suggests that production of Aβ peptides in the brain is part of an innate immune
response which might normally be beneficial,  but which leads to harm when it  is
chronic or uncontrolled. This suggests that discovery of the original possibly infectious
(or other inflammatory) stimulus for Aβ production would allow early intervention to
prevent development of AD.

Keywords: Inflammasome, TREM2, Microglia, antimicrobial peptide

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



1. Introduction

Aβ accumulation is believed to contribute strongly to the pathogenesis of AD, although the
actual physiological function and reason for accumulation of Aβ in the brain are not known.
Aβ is a fragment of the larger β amyloid precursor protein (APP) which is a transmembrane
protein which can be broken down by various proteases into a variety of fragments, includ‐
ing extracellular and intracellular fragments and the peptide fragments Aβ1‐42 and Aβ1‐40
which are composed partly of the extracellular and partly of the transmembrane domain of
APP. Aβ1‐40 is more abundant than Aβ1‐42, but Aβ1‐42 is the more amyloidogenic and
neurotoxic species [1–3]. The neurotoxicity of Aβ1‐42 has been shown to depend on the ability
of this peptide to form unstable oligomers (pentamers mainly), whereas the protofibrils or
fibrils formed from the peptide are less neurotoxic.  Recent studies are at last starting to
elucidate why accumulation of Aβ, especially the 1–42 form leads to brain injury. These studies
focus on the role of Aβ as a trigger of inflammation and emphasize its interaction with glial
cells in the brain. A vicious cycle appears to occur in which Aβ peptides activate glial and
other phagocytic cells which in turn impairs the ability of these cells to clear Aβ peptides and
plaques from the brain. The reasons for production of Aβ in the brain in the first place are less
clear. Recent findings that Aβ peptides function as antibacterial and antimicrobial peptides
have given rise to the hypothesis that production of Aβ peptides may have evolved as part of
the innate host defense system.

I. Evidence for a link between chronic inflammation and AD—At the outset, it is impor‐
tant to distinguish between early onset AD and late onset AD. Both forms of AD are strong‐
ly linked to excess accumulation of Aβ in plaques in the brain; however, the causes of Aβ
accumulation may differ. In the case of early onset disease, there is a link to actual mutations
in the Aβ gene or in genes involved in proteolytic processing of the precursor protein to form
Aβ peptides. The most commonly used mouse model, the APP‐PS1 model, of AD is based on
over‐expression of Aβ peptides in the brain in a similar manner. Late onset AD appears mainly
to result from impaired clearance of Aβ peptides (rather than increased production per se) and
is linked to polymorphisms of several genes as outlined below. There is strong and growing
evidence for a link between chronic inflammation and the development of both forms of AD
and some other dementing illnesses. We refer the reader to several recent excellent reviews
for in depth consideration this topic [4–6]. A link between inflammation and AD has long been
suspected in part based on clinical findings (e.g., the apparent protective effect of long‐term
non‐steroidal anti‐inflammatory use against development of sporadic AD) [7, 8]. In addition,
pathological studies have shown evidence of inflammation surrounding neuritic plaques in
AD. Complement factors, clusters of activated microglia and cytokines has been found in and
near Aβ plaques [5, 9]. These findings of inflammation were also noted as early events in the
brains of patients with AD. Expression of genes associated with inflammation in brain is
increased in aging, and this effect is accentuated in patients with AD [10, 11].

II. Microglia and monocyte/macrophages as pivotal cells in mediating clearance or inflam‐
matory responses to Aβ peptides—Microglia are resident phagocytic cells in the brain that
plays a key role in maintaining the health of neurons and responding to sterile or infectious
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injury. Evidence is now converging from genome‐wide association studies (GWAS), in vitro
cell biologic experiments and mouse models of excess Aβ accumulation, that microglia and to
an extent recruited blood monocyte macrophages, are critical in mediating either protective
clearance of Aβ or damage through inflammatory activation by Aβ peptides.

A. GWAS studies—The first gene to show strong linkage to development of AD was the ε4
variant of apolipoprotein E (APOE). Although APOE is mainly known for its ability to regulate
cholesterol and lipid transport, the APOEε4 allele is linked to accumulation of Aβ in plaques
in humans and mouse models [12]. In addition, there is evidence that APOEε4 may be linked
to inflammatory responses in the brain through interaction with receptors on microglia [13].
For instance, crossing APOEε4 over‐expressing mice with APP/PS1 mice results in worsen‐
ing inflammatory responses to lipopolysaccharide (LPS) as compared to APP/PS1 mice over‐
expressing APOEε3 [7]. Other proteins which modulate lipid metabolism, for instance
surfactant protein D, have innate immune activity as well [14]. Of interest, surfactant protein
D has also been linked to dementia [15]. Several other gene variants which are primarily
expressed on microglia or other myeloid cells have been linked to AD. The most prominent of
these is the triggering receptor expressed on myeloid cells 2 (TREM2) [6, 16–18]. This recep‐
tor mediates phagocytic activity and cytokine responses of myeloid cells and polymorphic
forms of this receptor are linked to development of late onset AD with an effect size similar to
APOEε4. Similar polymorphisms of the complement receptor CR‐1 and an additional myeloid
cell receptor, CD33, have been linked to development of AD [19, 20]. The contributions of these
and other myeloid receptors to accumulation of Aβ and neuronal injury are now being
elucidated through in vivo and in vitro studies.

B. Cell biology and mouse model studies—There is abundant evidence that accumulation of
Aβ1‐42 itself activates microglia and monocyte macrophages through binding to various
receptors on these cells, either directly or through binding to other proteins (e.g., comple‐
ment). A key hypothesis which brings together the various studies is that the ability of
microglia to ingest Aβ1‐42, or to degrade it through proteolysis is protective, whereas
production of pro‐inflammatory cytokines (e.g., TNF, IL‐1 or IL‐18) in response to Aβ1‐42 is
harmful. Microglia and macrophages can have a variety of phenotypes, with two major
categories being the MI and M2 phenotypes. The MI phenotype is associated with pro‐
inflammatory cytokine generation as well as production of nitric oxide or superoxide radicals.
In contrast, the M2 phenotype (presumably the more beneficial phenotype in the context of
Aβ accumulation) is associated with enhanced phagocytosis and reduced pro‐inflammatory
signaling. Given the sensitive nature of the brains and neurons, clearance of pathogens,
harmful proteins, or cellular debris ideally would proceed with minimal inflammation. The
beneficial or harmful effects of various myeloid receptors have been categorized according to
whether they mediate either M1 or M2 like activities [5, 21].

Microglial scavenger receptors—Receptors shown to promote phagocytosis and non‐
inflammatory clearance of Aβ1‐42 include the scavenger receptors SR‐A or Scara‐A [22, 23]. In
contrast, CD36, which is another scavenger receptor, appears to mediate pro‐inflammatory
responses to Aβ1‐42 [24, 25]. Crossing of APP/PS1 with mice‐lacking SR‐A leads to greater Aβ
accumulation and worsened survival, whereas crossing with mice‐lacking CD36 causes
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reduced brain cytokine production and Aβ accumulation and improved survival. CD33 is
another receptor that is involved in uptake of Aβ peptides by microglia. CD33 is over‐
expressed in microglia of humans with AD and the CD33 mutations that were found to be
protective vs AD caused decreased expression of CD33 [19, 26]. Crossing of mice‐lacking CD33
with APP/PS1 mice leads to reduced Aβ peptide accumulation and plaque burden [19]. In vitro
studies showed that CD33 actually reduces Aβ1‐42 uptake by microglial cells.

Triggering receptor expressed on myeloid cells 2 (TREM2)—TREM2 has a more complex role
in that it can mediate either phagocytic clearance or pro‐inflammatory cytokine responses by
myeloid cells [6]. Like CD33, it is highly expressed in microglia and monocytes in the brain.
In particular, it is highly expressed in microglia surrounding amyloid plaques in APP/PS1
mice [16]. In one study using this mouse model, deletion of TREM2 reduced inflammatory
pathology in the brain [27]. In contrast, in another study, over‐expression of TREM2 in these
mice improved pathology [28]. The GWAS studies suggest that polymorphisms associated
with decreased TREM2 production increase risk of development of AD or other neuro‐
degenerative diseases [16]. Based on this, it has been postulated that loss of TREM2 impairs
non‐inflammatory phagocytic clearance of Aβ peptides or of damaged neurons. TREM2 is well
described as a phagocytic receptor for bacteria. Further studies will be needed to understand
the complex role of TREM2 in AD. Of interest, two recent studies provide potential links
between the contributions of APOEε4 and TREM2 to inflammation in AD. APOE was shown
to bind to wild‐type (but not mutant) TREM2 [29] and the APOEε4 variant has distinctive
effects (as compared to other APOE subtypes) in modulating microglial prostaglandin
production and TREM2 expression [30].

Complement and complement receptors—The complement receptor CR‐1 also appears to
have a complex role in AD [20]. CR‐1 is the receptor for complement factors C3b and C4b. Aβ
can activate the complement cascade and bind to C3b. This in turn leads to binding of Aβ
peptides to CR‐1. CR‐1 is expressed on myeloid cells and erythrocytes. In the case of erythro‐
cytes, it serves to mediate clearance of complement bound proteins or organisms from the
circulation. There is some evidence that this may promote clearance of Aβ outside the brain
[31]. CR‐1 also mediates phagocytosis of complement bound proteins and pathogens by
phagocytes. Aβ can activate the complement system via the alternative pathway. This could
conceivably lead to increased inflammation in the brain. However, it has been found that C3
deficiency or inhibition of complement worsens Aβ accumulation and neurodegeneration in
mice [32]. These finding suggest that the complement activation may overall be beneficial vs
AD. A possible explanation for the role of CR‐1 is that the polymorphism most tightly linked
to increased risk for AD (CR1‐S) has an increased C3b/C4b binding site and that CR‐1 actually
acts to inhibit further activation of the complement cascade after binding to C3b/C4b [20].

Toll like receptors—Toll‐like receptors (TLRs) and the associated adaptor protein also have
been found to mediate phagocyte activation by Aβ [24, 33–37]. Once again the exact role of
TLRs in AD pathology is unclear. A simplistic hypothesis would assume that TLR activation
should worsen AD pathology; however, there is also evidence that the reverse may be true [33,
38]. Of interest, IL‐10 which is predominantly an anti‐inflammatory cytokine has been found
to have adverse effects in AD mouse models [39].
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Inflammasomes—Another important line of evidence relates to the role of nucleotide‐binding
domain leucine‐rich repeat containing 3 (NLRP3) inflammasomes in AD [4, 40, 41]. Inflam‐
masomes are multi‐molecular complexes in phagocytic cells which mediate production of the
pro‐inflammatory cytokines IL‐1 and IL‐18 through the action of caspase 1 and induction of
an inflammatory form of cell death called pyroptosis [42, 43]. Inflammasomes are involved in
phagocyte mediated host defense against various pathogens. In the case of bacteria, the
inflammasomes are activated by pathogen‐associated molecular patterns (or PAMPs), like
LPS. Increasingly, however, inflammasomes have been implicated in various inflammatory
states triggered by self molecules termed damage‐associated molecular patterns or DAMPs.
NLRP3 inflammasomes activation has been linked to inflammatory bowel diseases, celiac
disease, gout, multiple sclerosis, and type II diabetes mellitus. It appears that NLRP3 inflam‐
masomes also mediate chronic inflammatory responses to Aβ peptides. NLRP3 inflamma‐
somes are one subtype among a variety of inflammasomes. Figure 1 illustrates the potential
mechanism of assembly and activation of NLRP3 inflammasomes by Aβ peptides. Aβ peptides
appear to act as a DAMP. As noted, two signals are required for activation, both of which could
be triggered by Aβ peptides. The NLRP3 inflammasome complex consists of oligomeric
assemblies of the NLRP3 protein, the apoptosis‐associated speck‐like protein containing a
caspase activation and recruitment domain (ASC) protein and caspase 1. Crossing of mice‐
lacking caspase 1 or NLRP3 with APP/PS1 mice results in increased clearance of Aβ pepti‐
des and plaques, reduced neurodegeneration and a skewing of microglia to the M2 phenotype.
Pro‐inflammatory signaling in response to Aβ peptides mediated through inflammasomes
appears to lead to a vicious cycle in which microglia acquire and M1 phenotype and cause
increasing injury and decreased Aβ clearance [21].

Chemokines—Chemokines and their receptors also appear to modulate Aβ‐related patholo‐
gy. The chemokine CXCL10 is expressed at high levels in AD brain. Deletion or inhibition of
the receptor for this and other CXCL chemokines (CXCR3) increased microglial uptake of Aβ
in vitro and in vivo [44]. Deletion of CXCR1 had a similar effect [45]. These findings imply that
these chemokines worsen the inflammatory effects which lead to increased injury or im‐
paired clearance of Aβ. An active area of investigation as well is the role of recruited mono‐
cyte macrophages to AD pathology or Aβ clearance. Deletion of the monocyte receptor CCR2
in mice reduces monocyte recruitment and increases amyloid pathology in APP/PS1 mice [46],
indicating that these cells play a role in clearance. Similarly CCR5 deletion increased Aβ
deposition and neurological loss [47]. Other cytokines, like IL‐12, are linked to exacerbation of
AD as is activation of oxidant production by microglia [48–50].

C. Epidemiological studies—Life‐style or other factors which are known to increase AD
incidence also may mediate their effects through chronic inflammation. Examples include
obesity, lack of exercise, peri‐odontitis, or diabetes [5]. Overall these studies lend strong
support to the hypothesis that the innate immune system, and specifically, resident or recruited
phagocytic cells play a pivotal role in determining the balance between protective Aβ clearance
or damaging Aβ peptide‐induced inflammation.
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Figure 1. Microglial NLRP3 inflammasome activation by Aβ oligomers—the NLRP3 inflammasome can be activated
by various PAMPs or DAMPS. Aβ oligomers can be considered as a DAMP which leads to NLRP3 activation in micro‐
glia. To induce NLRP3 activation, there needs to be at least two signals. The first signal causes increased production of
the NLRP3 protein, and the second signal induces assembly of the multimolecular inflammasome complex. Other pro‐
teins involved in this complex include ASC and caspase 1. Activation of caspase 1 results in cleavage of pro‐IL‐1β and
pro‐IL‐18 to form active IL‐1β and IL‐18. An additional effect of inflammasome activation is induction of a form of cell
death caused pyroptosis. The result is a significant induction of local inflammation but also impairment of microglial
phagocytosis, reducing further clearance of Aβ. The exact triggers of signal 1 and 2 are have not been fully elucidated.
Since Aβ can trigger TLR activation, it is possible that this provides signal 1. In the case of some bacteria, rupture of
phagosomes appears to provide signal 2, possibly by release of cathepsin B. We speculate that this could be involved
in NLRP3 inflammasome activation by Aβ. Other possible mediators of the second signal include reactive oxygen spe‐
cies release or activation of plasma membrane ion channels.

III. What is the physiological stimulus for Aβ production?—Thus far most of the studies we,
we have discussed consider the downstream effects of Aβ accumulation on inflammation or
cellular dysfunction. For early onset AD, and for the APP/PS1 mice, increased Aβ accumula‐
tion is the result of alterations of the Aβ protein itself or of the enzymes involved in cleavage
of the precursor protein. It is unclear, however, what triggers Aβ production under normal
circumstances or in late onset AD. Attempts to directly reduce Aβ levels through the use of
antibodies against Aβ peptides have not been highly successful, although it is possible that
use in earlier stages of the disease (prior to major cognitive impairment) may be beneficial.
There is also hope that intervention to reduce inflammatory response to Aβ may be benefi‐
cial, although here again it may be necessary to act early in the course of disease since the
inflammatory phenotype seems to precede clinical AD.
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If it was possible to determine the initial causes for Aβ accumulation in the brain, this might
provide another approach to early intervention. One hypothesis is that infection initiates or
sustains the process of Aβ accumulation. Excess accumulation of Aβ has been linked to Human
Immunodeficiency Virus‐related dementia [51, 52], and the virus can cause Aβ accumula‐
tion in vitro as well [53, 54]. Similarly Herpes Simplex Virus (HSV) induced encephalitis, and
HSV infection in vitro is associated with Aβ accumulation [55–59], again implying that viruses
may be a stimulus of Aβ production or impaired clearance. These findings suggest that viruses
that infect the brain could be triggers for accumulation of Aβ, perhaps as part of an aberrant
or sustained innate immune response. Antibodies to Cytomegalovirus, Epstein Barr Virus, or
Human Herpes Virus 6 (HHV6) have also been associated with AD [60, 61] in some studies.
In contrast, another study showed no link between AD and antibodies to HHV6 [62]. A variety
of studies have also linked bacterial infection, including with chlamydia to development of
AD [63, 64]. Of great interest, recent studies found fungal forms and sequences in brains of AD
patients but not in controls [65–67]. Of course of a causal connection between these infec‐
tions and AD is far from proven.

IV. Aβ peptides as antimicrobial agents—An alternative hypothesis to explain Aβ peptide
and ultimately plaque production is that it is part of a host defense response to infectious or
traumatic injury. Aβ peptides resemble some anti‐microbial peptides or AMPs in their
structure [68, 69]. Aβ peptides are similar to the porcine AMP, protegrin, in ability to form
channels in membrane structures which is believed to be one of the anti‐bacterial and anti‐
fungal mechanisms of AMPs. Recently, Soscia et al. demonstrated antibacterial and antifun‐
gal activity for Aβ peptides [70]. In addition, this study showed that Aβ isolated from the brain
of AD patients had antimicrobial activity and that incubation of these brain‐derived samples
with antibodies to Aβ ablated the antimicrobial activity. More recently, we demonstrated that
Aβ peptides also have antiviral activity using influenza A virus as a model [71]. In our study
and that of Soscia et al., Aβ1‐42 was found to have greater antimicrobial or antiviral activity
than Aβ1‐40. We demonstrated that Aβ1‐42, but not Aβ1‐40, caused viral aggregation which
appears to contribute to its antiviral effects. This implies a possible connection between the
ability of Aβ1‐42 to assemble into oligomers and its antiviral activity, since this peptide has a
greater propensity to form oligomers and fibrils than Aβ1‐40.

The finding that Aβ peptides, especially, Aβ1‐42 act like other cationic antimicrobial pepti‐
des may also explain its ability to activate phagocytic cells. AMPs have direct antimicrobial
and antiviral activities but they also trigger recruitment and activation of immune cells [34, 36,
72]. We also recently showed that Aβ1‐42 modulates responses of neutrophils and mono‐
cytes to the influenza virus [71]. Aβ1‐42 increased neutrophil uptake of influenza A virus and
potentiated neutrophil respiratory burst and neutrophil extracellular trap (NET) formation in
response to the virus. Aβ1‐42 also reduced inflammatory cytokine production triggered by
influenza virus in monocytes. The opsonizing activity of Aβ1‐42 was again not replicated with
Aβ1‐40. More recently, we found that Aβ peptides can increase neutrophil uptake of bacte‐
ria as well (unpublished data). Overall, these studies lend support to the hypothesis that Aβ
peptides serve a host defense role and that chronic infectious or inflammatory stimuli may
result in an aberrant prolongation of what normally would be a helpful response.
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2. Conclusions

There is now abundant evidence from a variety of sources that AD is characterized by a chronic
inflammatory response in the brain. The key elements in this process include the ability of Aβ
peptides, especially Aβ1‐42, to directly activate phagocytic cells, most notably microglia and,
to a lesser extent, monocyte/macrophages. Figure 2 summarizes the microglial receptors,
cytokines, and signaling mechanisms known to be linked to responses to Aβ peptides. These
phagocytic cells are at the cross‐roads of innate immune responses in the brain, and they appear
to play a pivotal role in determining whether the response to Aβ peptide accumulation is non‐
inflammatory phagocytosis or pro‐inflammatory cytokine production. One conclusion from
these studies is that inhibition of pro‐inflammatory responses early in the evolution of Aβ
related pathology could be protective. For example, inhibition of inflammasome activation has
been proposed as an approach to treatment. One dilemma is that there is not a simple
correlation between processes normally thought of as pro‐inflammatory and reduction of
neuronal injury in AD models. As prime examples, activation of the complement system or of
toll‐like receptor pathways appears to be protective in some studies. In addition, the role of
TREM2, while clearly important, is not as simply as initially expected. The recent findings that
Aβ peptides (especially Aβ1‐42) function like other AMPs suggest that Aβ peptides may play
a beneficial physiological role in vivo and may actually be part of an innate immune re‐
sponse to infection. If this is so then discovery of underlying infectious triggers of AD might
provide a different modality of treatment.

Figure 2. Microglial receptors and signaling pathways that are involved in response to Aβ—receptors, signaling path‐
ways or extracellular cytokines shown to promote neuronal injury are shown in red, whereas those shown in green are
protective vs neuronal injury or progression of AD like pathology. Receptors shown in as a mixture of green and red
have been found to have both beneficial or adverse effects in various studies.
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Abstract

Amyloidogenesis is a primitive, physiological response that seems to be an ancient
process widely distributed in different cell types of evolutionary distant organisms. The
amyloid fibril synthesis is part of a more general inflammatory response to stressful
conditions all entailing overproduction of reactive oxygen species (ROS). Interesting‐
ly,  this  event  has  been  integrated  into  additional  physiological  functions:  (i)  the
formation of a scaffold promoting the activation and packaging of melanin; (ii) the
formation of a scaffold to compartmentalize hormones in the cytoplasm; (iii) the ability
to reversibly link different types of molecules to drive close to the nonself; (iv) the
construction of a framework to close body lesions. Amyloid fibril formation is a cellular
response harmonically integrated with the stress response but for a deregulation in
assembling/dismantling, dangerous depots, as in a lot of pathologies, can occur.

Keywords: amyloidogenesis, ROS, melanin, invertebrates, vertebrates

1. Introduction

Bacteria, fungi, yeasts, unicellular algae, plants, invertebrates, and vertebrates can synthe‐
size functional amyloids and physiological amyloidogenesis is a key process in response to
stress. Even though the aggregation of proteins into amyloid fibrils is associated with human
neurodegenerative diseases [1], including Alzheimer’s, Parkinson’s, and prion disease, it has
been evidenced that amyloid is also a fundamental nonpathological protein folding process

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



that  spans  from bacteria  to  humans  [2–8].  There  are  many  examples  of  functional  and
physiological amyloidogenesis: the bacterial biofilm, the insect silk to form the cocoon, the
spider silk for constructing their webs, producing egg sacs, and wrapping in their prey, etc.,
the scaffold to package melanin in human melanocytes when activated by UV, etc.

The various proteins forming amyloids do not necessary display the same primary structure
and/or the same biochemical function and/or similarities in biophysical properties: irrespective
of the nature of the polypeptide, the proteins, under defined conditions, share the ability to
change folding and adopt cross-β sheet conformation with high resistance to enzymatic
cleavage, and denaturant. Amyloids can be easily recognized due to their ability to bind to
specific dyes such as Thioflavin T/S and Congo Red (CR) and due to their ultrastructural
features.

Once the aggregates, in form of amyloid fibrillar material, are formed and tailor-made for the
intra- or extracellular space, they can contribute in numerous ways to cellular/tissue/organism
activities.

In functional amyloidogenesis, the synthesis of fibrils, occurring in a controlled folding
pathway, is balanced by mechanisms involved in their clearance through enzymatic cleavage.
When there is a slow down or a total block in this complex balance between assembling and
dismantling, a spatial or temporal accumulation of fibrillar material, responsible of deleteri‐
ous/pathological state, occurs.

The exposure to any kind of chemical or physical nonlethal stress is responsible of an excessive
production of cytoplasmic reactive oxygen species (ROS) that, if overpowering the endoge‐
nous antioxidant mechanisms, leads to a progressive cellular damage that, in turn, impairs the
survival of the cell. In other words, transient or persistent increase of ROS, as a harmful bio-
product deriving from regular cellular metabolism, is coped in all cellular types with the same
sequence of events. Constant basal ROS concentration is strictly maintained with the activation
of enzymatic and nonenzymatic defences such as production of superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPX), methionine reductase, ascorbic acid (vitamin
C), glutathione (GSH), and vitamin A. Uncontrolled, imbalanced production of ROS, and an
inefficient free radical scavenging systems may result in inflammation, hypersensitivity, and
in the pathogenesis of numerous human diseases such as neurodegenerative diseases,
atherosclerosis, allergy, and cancer [9]. In healthy cells, ROS are produced in a small amount
in mitochondria but the dysfunction of these organelles, resulting in increased ROS produc‐
tion, can be caused by rough endoplasmic reticulum (RER) stress. In stressed cells, RER
cisternae release Ca2+ that in turn is taken up by mitochondria where determine the opening
of membrane pores with the consequent enhancement of ROS production and release in
cytoplasm. Resulted vicious cycle leads to impaired cellular homeostasis up to cellular death
[10].

ROS overexpression, responsible of a change in cytoplasmic pH, can be considered the earliest
event and an absolute prerequisite to induce proteins to adopt a β-sheet conformation, thus
the amyloid fibril production is strictly linked to this event [2, 4, 5, 11].
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1.1. Types of cells and subcellular districts involved in amyloid fibril synthesis

Even though the formation of amyloid or amyloid-like structure under physiological condition
is a generic property of polypeptides across all kingdoms of life and can be considered as a
response to different types of stimulations, it is of paramount importance to have an overview
about which kinds of organisms, which types of cells, and for which purpose amyloid fibrils
are synthesized.

Bacteria are able to produce and utilize amyloid material in adhesion to solid surfaces as a
starting point to form the biofilm that is, for the most part of microorganisms, the guarantee
to live in a consortium spatially and metabolically organized [12]. Amyloid proteins, contri‐
buting with exopolysaccharides to form the biofilm, provide a key component of this protective
scaffold [13, 14].

Figure 1. Unstimulated and stimulated H. virescens circulating cells. Optical and ultrastructural images (A–H). Scan‐
ning electron micrographs (SEMs) (A, B): the surface of several granulocytes shows bowl-shaped depression with exo‐
cytosed fibrillar material (white arrowheads). Transmission electron micrographs (TEMs) (C, E, H): the fibrillar
material (white arrowhead) is spatially organized close to an electron dense core (E) in dilated RER cisternae surround‐
ing the central nucleus (C). The Thioflavin positivity (green/yellow fluorescence), localized within RER cisternae (D,
arrowhead), identify the amyloid fibrils. Melanin is ultrastructurally identified by using specific technique (the period‐
ic acid-silver methenamine staining (PASM). Pigment deposition is localized on exocytosed amyloid fibrils (H, arrow‐
head). ROS generation is detected by monitoring the increase in fluorescence of the oxidized dye H2DCFDA (F, G). The
increase in ROS level is evident comparing control granulocytes (F) with those from activated hemocytes (G). Immuno‐
cytochemical characterizations for ACTH (I, J), α-MSH (K, L), and IL-18 (M, N) show higher positivity in activated
granulocytes (J, L, N).
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Moreover, many bacterial species, under stress condition, are able to induce not only the
biofilm production but also melanin synthesis [15].

As in bacteria, many protozoa are able to secrete huge amounts of melanin and generally, the
production of the pigment is strictly linked to the presence of an amyloid scaffold.

In 2006, Fowler et al. [4] demonstrated that, in mammals, nonpathogenic amyloids are involved
in melanin synthesis in melanocytes where the glycoprotein Pmel17 polymerizes into amyloid
fibrils forming a framework on which pigment assembled.

Our data (based on light microscopy (LM), transmission and scanning ultrastructural analysis
paralleled by immunocytochemical ones) (see Section 3) about activated hemocytes in the
lepidopteran-moth Heliothis virescens [7, 16], underline the relationship between melanin
synthesis and the production of amyloid fibrils to template the pigment. Moreover, we have
described and characterized the morpho-functional events sustaining the amyloid fibril
assembly in relation to melanin production, in immune cells under stress condition, not only
in insects such as H. virescens and Spodoptera elicoverpa, but also in different invertebrates
(protostomes and deuterostomes) such as Hirudo medicinalis (Annelid), Helix pomatia (Mollusc),
Ciona intestinalis, and Botrillus schlosseri (Ascidian). In all these animals, melanin synthesis/
amyloid fibril assemblage always starts with ROS overproduction that, in turn, causes a
cytoplasmic pH variation [8]. Amyloidogenesis takes place in RER where the large amount of
fibrils, spatially organized, dilate them (Figure 1, panels A and B). RER is specialized in folding
and maturation of a considerable number of secreted proteins and it is highly sensitive to
external (chemical or physical) and internal stimuli (such as change in the redox state) [10].

This amyloid production due to RER deregulation/accumulation can be morphologically
evidenced by Thioflavine S staining and by ultrastructural analysis. During this amyloid/
pigment productive phase, a cross-talk between immune and endocrine systems, able to
mutually influencing, occurs. These intercommunications are mediated by neuromodulators
with the activation of stress-sensoring circuits to produce and release molecules such as
adrenocorticotropic hormone (ACTH), melanocyte-stimulating hormone (α-MSH), and
neutral endopeptidase (NEP) [7, 8, 16] (Figure 1, panels I–N). These molecules have a direct
role in immune defences. ACTH is widely expressed in various tissues (as well demonstrated
in immunocytochemical localizations) and it is synthesized not only by cells of nervous system
but also by nonneural cells [17–19]. ACTH expression is induced in stress conditions (such as
ROS increase, lipopolysaccharide (LPS) administration, presence of bacteria and proinflam‐
matory cytokine administration) to regulate the immune cellular functions influencing
proliferation, migration, production of immune mediators, and trafficking of immunocytes.

The temporal extend of ACTH action is restrained by the production of a neutral endopepti‐
dase (NEP) that is concomitantly synthesized. This protease inactivates ACTH and the released
cleaved product, α-MSH, is able to inhibit chemotaxis, production of proinflammatory
cytokines (nuclear factor kappa-light-chain-enhancer of activated B cells) NFkB stimulation,
as well as to stimulate melanin synthesis.

The pigment is accumulated in specific organelles where an amyloid scaffold sustains its
packaging. Moreover, NEP can be also involved in the degradation of amyloid fibrils [20, 21].
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Furthermore, the activation of amyloidogenesis is accompanied by the overexpression of a
furin-like proprotein convertase, a specific enzyme that is activated in melanosomal biogenesis
to liberate a fibrillogenic fragment [22] and by the overexpression of proinflammatory
cytokines such as interleukin-18 (IL-18) [4, 8, 23, 24]. In particular, this is an important molecule
that cooperates both in the activation of innate immune system and in amyloidogenic processes
in Alzheimer disease (AD) [23, 24].

It is important to emphasize that in immune cells from phylogenetically distant metazoans
(viz. molluscs, annelids, insects, ascidians, and vertebrates) [8, 16], the amyloid scaffold is
produced to package melanin and to convey the pigment in close contact to the invader with
a twofold advantage: to isolate the nonself from host tissues and to focus the toxic bio-product
[7, 8, 16], thus minimizing the diffusion of highly reactive, toxic melanin precursors. This
association may occur in intra- or extracell compartments. In several invertebrates, stimulated
granulocytes (granular circulating cells) produce an amyloid lattice into the RER, that is
exocytosed in the body cavity where it works as a template for melanin resulting from humoral
prophenoloxidase (proPO) system reactions [25, 26]. proPOs synthesized primarily by
hemocytes are present after their lysis in the hemolymph. The proPO activation cascade leads
to the formation of quinones that undergo additional reactions leading to synthesis of melanin.
This pigment is deposited on the parasite surface, on nodules made by hemocytes, and in
wound sites.

In other invertebrates and in vertebrates, melanin and amyloid fibril synthesis are not disjoined
and the molecules are produced and assembled in the same cell (melanocytes) [4]. In any case,
amyloid fibrils, synthesized by circulating immunocytes (we use this generic term to identify
the cells with the same morpho-functional characteristic that, in invertebrates, have been
called, phagocytes, amebocytes, hemocytes), are a shuttle of melanin made to trap and isolate
the nonself in capsules where the killing of pathogens is facilitated.

So far, we have described the formation of amyloid fibrils as an event absolutely necessary to
activate, support, and store pigments, but this is also true, always as response to stress and
due to its intrinsic adhesiveness [27], for the assembly and the compartmentalization of
hormones such as ACTH in the cytoplasm [28].

The activation of vertebrates neutrophils, due to the presence of bacteria or fungi, culminates
with the production of the neutrophil extracellular trap (NET). NETs, as we have immunocy‐
tochemically demonstrated, are characterized by a fibrillar backbone for addressing cytotoxic
proteins and DNA against the nonself, that shows amyloid birefringence upon Congo red
staining, Thioflavin S positivity, and harbors a basic mammalian protein, Pmel17 [4], as
validated by the colocalization of signals [29] (Figure 2, panels D–J). In stimulated neutrophils,
there is a correlation among amyloidogenesis and ROS generation, change in cytoplasmic pH,
enhanced expression of the ACTH/α-MSH loop, synthesis of specific cytokine, and also
autophagy and exosome release (Figure 2, panel C). These closely related partners appear to
play a key role in the management of the amyloid fibrils that constitute the scaffold of NET [29].
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Figure 2. Unstimulated and stimulated human neutrophils. Thin and semithin sections of resting (A) and activated
neutrophils (B, C). The unstimulated cells are roundish but after stimulation with LPS (B, C) they lose their globoid
shape acquiring migratory phenotype (B, C). (D–F) Identification of amyloid fibrils with Thioflavin S (ThS): unstimu‐
lated neutrophils (D) in comparison with stimulated cells (E, F) from LPS administration. Within cells (E) and extracell‐
ularly (F), amyloid fibrils are localized by ThS brightly fluorescence. Nuclei and DNA material in NETs are marked in
brilliant blue with DAPI staining. The blue (DAPI) and green (ThS) in NETs, released on stimulation, co-localize (white
arrowhead). (G–J) Immunolocalization with a specific antibody directed against Pmel17 (a mammalian protein in‐
volved in amyloidogenesis): immunofluorescence staining show the increased Pmel17 expression that is present in the
cytoplasm of stimulated neutrophils (H) and in the NETs (H, I) (arrowheads). DAPI (blue), staining for DNA, is local‐
ized in nuclei, as well as extracellularly in NETs. (J) Double labeling of neutrophils with ThS (green) and antibody
against Pmel17 (red). Note the colocalization of two signals (merge in yellow). Nuclei (blue) are stained with DAPI.

Amyloid fibrils are also synthesized in inflammatory response induced by the presence of
abiotic material such as nanotubes that, as waste, can be found in the air, in the soil, and into
the water having a harmful effect to the health of many animals, including humans [30, 31].
Leeches, as animal model, exposed to multiwall carbon nanotubes (MWCNTs) powder
dispersed in water, reflect the situation of aquatic animals subjected to uncontrolled carbon
nanotube (CNT) exposition. MWCNTs, showing an average 9.5 nm external diameter and 1.5
μm mean length, are able to across the epithelial superficial barrier promoting inflammatory
responses. MWCNTs in the leech body wall provoke nonspecific responses characterized by
proliferation and migration of macrophages toward the stimulated area. Girardello et al. [32]
show that these immune cells, recruited in the area of inflammation, produce amyloid material,
as demonstrated by Thioflavin-T staining. In addition, the authors correlated this synthesis
with a concomitant overexpression of IL-18, confirming the importance of this cytokine in the
process. Extracellular amyloid fibrils entrap and isolate the nanotube aggregation but, forming
a kind of spongy coating, can have an additional function in concentrating the cytokines
produced by neighbor activated cells thus attracting and driving the macrophages engaged in
immune responses [32] (Figure 3, panels A–E).
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Figure 3. Effects of carbonanotube exposure and wound healing in leeches. Optical (A, C, D, E) and ultrastructural
(B) images. Leech body wall sectioned in wound healing area (A, C, D, E). The specific Thioflavin-T colorimetric meth‐
od evidences the presence of amyloid fibrils close to the aggregates of nanotubes (arrowheads). Ultrastructural (B) im‐
age of carbon nanotubes (CNTs) crude powder (used as control). The fibrillar material, Thioflavin-T positive, produced
by migrating cells (E) contribute to form a plug (D) in the area of lesion (arrowheads).

Amyloids are also synthesized by the cells that are recruited in the lesioned body wall of
diverse invertebrates to work as a “collision mat,” the strategic solution patterned to close a
boat leak, by forming a clot. The fibrillar material, Thioflavin-T positive, deposited in
correspondence of damaged area, contributes to block the ingress of water/pathogens/external
materials and prevent the loss of cells and hemolimph/blood from the body (unpublished
data).
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We have shown (combining light and electron microscopy, staining reactions, and immuno‐
cytochemical characterization—see paragraph about methodologies) that different types of
cells characterized by different lineages (i.e., from mesoderm and ectoderm) and from diverse
organisms, such as larval hemocytes, IPLB-LdFB and Drosophila Schneider’s S2 cells from
insects; NIH3T3 embryonic fibroblasts from mouse; human umbilical vein endothelial cells
(HUVEC), and mesenchymal stem cells from human, under stress condition (for instance, LPS
stimulation) are characterized by an increase of cytoplasmic ROS [33].

After stimulation, these cells are characterized by a morphological change and in the cyto‐
plasm, empty vacuoles or RER cisternae filled with material showing staining properties
typical of amyloid fibrils are visible (Figure 4, panels A–L). Moreover, the activation of
amyloidogenesis is also linked with an extensive production of ACTH and α-MSH in all
cultured cell types. These data suggest that amyloidogenesis could be a common, physiological
cellular response to weak ROS, starting when other antistress cellular systems failed to restore
homeostasis. Then the morphological evidence and/or functional characterization of synthe‐
sized amyloid fibrils could be an early indicator of oxidative stress that may lead to a general
inflammatory process.

Figure 4. Effects of LPS stimulation on different cell types. Optical (A–C, E–G, I–K) and ultrastructural (D, H, I) im‐
ages of S2 cells from Drosophila melanogaster (A–D), IPLB cells from insect (E–H) and NIH3T3 murine fibroblast (I–L).
Amyloid fibril presence is detected with Thioflavin T. The yellow-green brightly fluorescence is more evident in stimu‐
lated cells (C, G, K) as compared to controls (B, F, J). Nuclei are stained with DAPI and marked in brilliant blue. TEM
analysis: thin sections of LPS activated cells (D, H, L) show the presence of dilated reticulum cisternae filled with fibril‐
lar material (arrowheads).

2. Conclusions

It is intriguing to underline that amyloid fibril synthesis is a cellular dynamic and versatile
system evolutionary conserved. Recent evidence strengthen the idea that:
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- Amyloidogenesis, shared by invertebrate and vertebrate cells, occurs as a protective
response.

- Amyloid fibril synthesis that can be considered, in healthy cells, as a functional event,
starts always, independently from their utilization, with an increase of ROS, real key
player in defining this cellular response.

- The amyloid fibrillar material has unique features: it is versatile, extremely durable, can
be assembled from any type of protein, it is able to paste, reversibly, different molecules
due its residual charges, it can be disassembled only using specific enzymes such as NEP.

- The amyloid fibrils are utilized in different ways: they can be part of a more general
response to stressful condition all entailing overproduction of ROS; they can form a
scaffold to package pigment or hormones within the cell; can convey melanin or cytotoxic
molecules; they can form a resistant structure to physically isolate the nonself, thus
favoring the killing of pathogens, also conveying and concentrate toxic products; they can
build a part of framework to close body lesions.

3. Methodologies

3.1. Light microscopy (LM) and transmission electron microscopy (TEM)

LM and TEM analysis give important information about morphology of cell and tissues.

Collected samples were fixed in 4% glutaraldehyde in 0.1 M Na-cacodylate buffer (pH 7.2) and
washed in 0.1 M Na-cacodylate buffer at pH 7.2. The initial fixation is followed by a postfixation
in 1% osmic acid in cacodylate buffer (pH 7.2) for 20 min. After standard dehydration in an
ethanol series, samples were embedded in an Epon-Araldite 812 mixture and sectioned with
a Reichert Ultracut S ultratome (Leica, Nussloch, Germany). Semithin sections were stained
by conventional methods utilizing histological dyes such as crystal violet and basic fuchsine
and then observed with a light microscope (Eclipse Nikon, Amsterdam, Netherlands). Thin
sections were stained by uranyl acetate and lead citrate and observed with a Jeol 1010 electron
microscope (Jeol, Tokyo, Japan).

3.2. Intracellular reactive oxygen species evaluation

Oxidative stress can induce proteins to adopt an insoluble β-pleated sheet conformation, and
according to numerous authors, oxidative damage appears to be the earliest events preceding
amyloid fibril formation. Thus, it is important to evaluate the overproduction of ROS in relation
to LPS activation responsible for amyloid fibril production. ROS production and its derivation
was validated by use of 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA, Molecular
Probes, Eugene, OR, USA), a fluorigenic probe commonly used to detect the overall degree of
intracellular level of ROS. H2DCFDA is a nonfluorescent compound that readily crosses cell
membranes. It is hydrolyzed to 2′,7′-dichlorofluorescein (DCF) within cells and becomes
fluorescent when it is oxidized by ROS. Oxidation can be detected by monitoring the increase
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in fluorescence. Fluorescence was determined by excitation at 488 nm and emission at
wavelength of 525 nm; fluorescent images visualized on a fluorescence Eclipse Nikon micro‐
scope, were acquired with a DS-5 M-L1 Nikon digital camera system.

3.3. Amyloid fibril characterization

Amyloid structures were identified by staining cells/tissues with Thioflavin S and visualizing
the amyloid-specific green/yellow fluorescence with an Eclipse Nikon microscope. Images
were acquired with a DS-5 M-L1 Nikon digital camera system. Amyloid fibrils were also
characterized with Congo red staining, according to published methods and observed under
cross-polarized light with an Axioskop 2 microscope (Carl Zeiss, Jena, Germany), equipped
with a MC 80 DX camera (Carl Zeiss).

Amyloid fibrils (see the paragraph below) were also localized immunocytochemically using
an antibody directed against Pmel17, protein that has amyloid characteristics and contributes
to form fibrillar structures in mammals.

3.4. Immunocytochemistry for ACTH, α-MSH, NEP, interleukin 18, and Pmel17 localization

The presence of amyloid fibrils was confirmed by using the primary antibody antihuman
Pmel17 (H-300) polyclonal antibody (1:100 dilution, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). The presence of ACTH and its cleavage product (due to degrading enzyme NEP),
α-MSH, and of the proinflammatory interleukin 18 (IL-18) were assessed by using the
following primary antibodies: antihuman ACTH polyclonal antibody (1:100 dilution, Abcam,
Cambridge, UK); antihuman α-MSH polyclonal antibody (1:100 dilution, Abcam); antihuman
IL-18 polyclonal antibody (1:100 dilution, Abnova, Taipei City, Taiwan); antihuman CD10/
CALLA (NEP) monoclonal antibody (1:100 dilution, GeneTex, Hsinchu City, Taiwan).
Incubations with suitable secondary antibodies conjugated with Cyanine5 (Cy5; 1:50 dilution,
Abcam) were performed for 1 h in a dark humid chamber at room temperature. Nuclei were
stained with 4′,6′-diamino-2-phenylindole (DAPI, Sigma-Aldrich). The PBS buffer used for
washing steps and antibodies dilutions contained 2% bovine serum albumin (BSA, Sigma-
Aldrich) and 0.1% Tween20.

In colocalization experiments, the cells were first stained with Thioflavin S (as described above)
and then incubated with anti-Pmel17 antibody (as described above).

In control samples, primary antibodies were omitted, and samples were treated with BSA/
Tween20-containing PBS. Coverslips were mounted in citifluor (citifluor Ltd., London, UK).
Slides were observed under an Eclipse Nikon microscope.
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Developments in the Treatment of Amyloid A
Amyloidosis Secondary to Rheumatoid Arthritis
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Abstract

Amyloidosis refers to a heterogeneous group of diseases in which a soluble precursor,
misfolded protein, and subsequently aggregates into highly structured protein fibrils
with a cross-β-pleated structure. Of these diseases, amyloid A (AA) amyloidosis is a
complication of long-standing inflammatory diseases such as rheumatoid arthritis (RA).
Treatment of this amyloidosis with RA aims to stop serum AA protein production.
Immunosuppressants have reportedly been useful for both RA inflammation and AA
amyloidosis. Also, biologics are effective for these specific pathological processes by
targeting  key  players  in  each  inflammation.  In  addition  to  the  above-mentioned
medications, agents both inhibiting AA fibrillogenesis and destabilizing AA fibrils have
recently been employed. Phagocytes play important roles in the regression of AA fibrils.
Renal involvement is the most common complication in AA amyloidosis. Peritoneal
dialysis, hemodialysis, and even renal transplantation are available for patients with
end-stage  renal  disease  and  AA  amyloidosis.  This  chapter  thus  discusses  current
developments in the treatment of AA amyloidosis secondary to RA.

Keywords: AA amyloidosis, rheumatoid arthritis, SAA1.3 allele, biologics, fibrinolysis

1. Introduction

Amyloidosis is a rare disorder in which extracellular amyloid fibrils are deposited in vari‐
ous tissues. Those fibrils derive from the misfolding of precursor proteins, the result being
multiple organs dysfunction. Systemic amyloidosis is thus characterized by failure of all sorts
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of organs and the presence of amyloid precursor protein in the serum. Reactive amyloid A
(AA) amyloidosis is one of the most severe complications of a number of chronic disorders,
especially rheumatoid arthritis (RA); most patients with this amyloidosis have an underly‐
ing rheumatic disease. AA amyloidosis, an extra-articular complication of RA, is a serious
disorder, possibly life-threatening, that is caused by deposition in multiple organs of AA
amyloid fibrils which originate from the circulatory acute-phase reactant, serum amyloid A
protein (SAA) [1–4].

Both treatment and understanding of the roles of cytokines in RA have resulted in consider‐
able progress. Remarkable advances, which not only provide insight into the pathophysiolo‐
gy of the disease but also aid discovery of new therapies to fight the deadly disease, have
recently been made [5, 6]. For example, the introduction of biological therapies targeting
specific inflammatory mediators revolutionized RA treatment. Focusing on essential compo‐
nents of the immune system allows effective suppression of the pathological inflammatory
cascade that produces RA symptoms and the resulting joint destruction [7–10]. Several new
biologics may permit AA amyloidosis secondary to RA to become a treatable, even manage‐
able, disease. Furthermore, that the allele SAA1.3 is not only a univariate predictor of surviv‐
al but also a risk factor for the association of AA amyloidosis with RA in Japanese patients is
very interesting [11].

Patients with RA, who have a less-than-optimal response to or cannot tolerate conventional
synthetic disease-modifying antirheumatic drugs (csDMARDs) [12], such as methotrexate
(MTX) [13, 14], are often prescribed biological DMARDs (bDMARDs). Treatment of AA
amyloidosis caused by RA seeks to stop SAA production [15]. This approach to AA amyloi‐
dosis treatment is the most common and best-studied therapy; it interferes with synthesis of
the precursor protein, with the goal of preventing continued amyloid fibril formation.
Similarly, cytotoxic immunosuppressants, such as chlorambucil and cyclophosphamide
(CYC), have reportedly been useful for both RA inflammation and AA amyloidosis [16–20].

An alternative approach to therapy involves developing drugs to inhibit amyloid fibrillogen‐
esis. One technique targets AA amyloid deposits directly, by destabilizing AA amyloid fibrils
so that they cannot maintain their structural configuration. Treatment with the drug (R)-1-[6-
[(R)-2-carboxy-pyrrolidin-1-yl]-6-oxo-hexanoyl]pyrrolidine-2-carboxylic acid (CPHPC), a
novel hexanoyl bis(D-proline), effectively removes the serum amyloid P component (SAP)
from plasma but leaves some SAP in amyloid deposits that can then be specific targets of
therapeutic IgG anti-SAP antibodies [21]. Also, eprodisate, which binds to glycosaminogly‐
can-binding sites on AA amyloid fibrils and in theory would destabilize them in tissues, may
thereby cause regression of AA amyloidosis [22]. Although the mechanisms by which amyloid
deposits are cleared are not well known, they supposedly involve breakdown of amyloid fibrils
and associated molecules by macrophages and/or parenchymal cells [23, 24].

This chapter aims to review the advances in the treatment of AA amyloidosis secondary to RA
and to describe the latest therapeutic developments based on our reports and literature
reviews.
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2. SAA1.3 genotype and SAA concentration as predictive and prognostic
factors of AA amyloidosis outcome

The frequency of SAA1 gene polymorphism and that of SAA1 alleles differ among races and
regions worldwide. Three main SAA1 alleles—SAA1.1, SAA1.3, and SAA1.5—are defined by
two single-nucleotide polymorphisms (SNPs) in exon 3, which result in two amino acid
differences at positions 52 and 57, respectively, [25]. In Japanese people, the three alleles occur
approximately at the same frequency. The association between AA amyloidosis and the SAA1
genotype was first observed in Japanese patients with RA, in whom SAA1.3 allele homo‐
zygosity proved to be a risk factor [26]. The SAA1.3/1.3 genotype in Japanese patients with RA
was related to a shorter latency before the onset of AA amyloidosis and more severe AA
amyloidosis-related symptoms [27, 28]. In addition, it was a univariate predictor of survival
(Figure 1). Thus, the SAA1.3 allele was a risk factor for AA amyloidosis, was associated with
clinical severity of the disease, and poor prognosis [11]. In Caucasians, AA amyloidosis was
often found in SAA1.1 homozygous individuals, and the SAA1.1 allele was believed to be a
risk factor for AA amyloidosis [29]. As for SNPs of the SAA1 gene promoter region, –13T was
found to be a high-risk factor for AA amyloidosis in Japanese patients with RA, and –13T/T
and –13T/C were more closely correlated with AA amyloidosis compared with –13C/C [30].
SAA1 gene polymorphism affects both SAA transcriptional activity in hepatocytes and blood
SAA levels, so differences in enzymatic SAA1 proteolysis have demonstrated a close associa‐
tion between SAA1 gene polymorphism and the onset of AA amyloidosis [31]. However, the
mechanism by which SAA1 gene polymorphism is associated with of AA amyloidosis onset
and the reason for ethnic differences in disease-susceptible SNPs are still unknown.

Figure 1. Kaplan-Meier survival curves for RA patients with and without SAA1.3/1.3. Statistical analysis of a large
number of RA patients with AA amyloidosis who carried the SAA1.3 allele revealed that the risk for association with
AA amyloidosis was about eight times higher for SAA1.3 homozygotes than for the control group and that homozy‐
gotes could develop AA amyloidosis very early after RA onset. Quoted from Nakamura et al. Rheumatology (Oxford)
2006; 45: 43–49.
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Figure 2. Kaplan-Meier survival curves for patients with systemic AA amyloidosis stratified according to whether the
SAA concentration was above or below 10 μg/ml. During follow-up, the proportion of patients with AA amyloidosis
who remained alive at 10 years was 90% in the group with median SAA values below 10 μg/ml and 40% in the group
with SAA values above that value. Quoted and modified from Gillmore et al. Lancet 2011; 358: 24–29.

The current primary objective of therapy for all forms of amyloidosis was the reduction of the
precursor protein supply [32]. In AA amyloidosis, long-term suppression of SAA levels is
critical for patient and disease outcomes and for AA amyloidosis in patients with RA. The
degree to which SAA concentration increased during follow-up was a strong predictor of
outcome [33]. Sustained complete suppression of RA disease activity with the normalization
of SAA levels should be the treatment aims in patients with AA amyloidosis, and monitor‐
ing the SAA levels is a vital part of patient management (Figure 2) [34].

Figure 3. Biological versatility of SAA. SAA has important roles in high-grade and low-grade inflammation. Similar to
cytokines, it utilizes autocrine, endocrine, and paracrine mechanisms. SAA, as a precursor protein of AA amyloidosis,
induces this amyloidosis. Using different modes of action, SAA also affects metabolic syndrome. These humoral and
cellular inflammatory events interact, with SAA as an essential factor. RAGE: receptor for advanced glycation end
products; FPRL1: formyl peptide receptor-like 1; TLR2, 4: toll-like receptors 2 and 4; CLA-1: CD36, and LIMPII analo‐
gous-1, a human ortholog of the scavenger receptor class B type I (SR-BI); AGEs: advanced glycation end products.
Quoted from Nakamura T. Clin Exp Rheumatol 2011; 29: 850–857.
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SAA plays important roles in both high-grade and low-grade inflammation (Figure 3) [35].
Similar to cytokines, SAA operates by means of autocrine, endocrine, and paracrine mecha‐
nisms. SAA is a precursor protein of AA amyloid fibrils, and it induces AA amyloidosis. SAA
also functions in metabolic syndrome by means of different modes of action. As a critical factor
in the inflammatory interactions, SAA acts mutually among humoral and cellular events
within inflammation.

3. Treatment with conventional synthetic DMARDs for AA amyloidosis
secondary to RA

Treatment of patients with RA has focused on using immunosuppressants as conventional
synthetic DMARDs (csDMARDs). Although case reports and studies of small series of patients
showed that immunosuppressants can reverse nephrotic syndrome [36] and can even lead to
complete resolution of proteinuria [37, 38], as Table 1 shows, management of AA amyloido‐
sis has focused on the RA process causing the inflammation as the underlying disease. We
cannot, therefore, determine a clear difference in the effectiveness of therapies for RA and AA
amyloidosis.

No. of cases Diagnosis Treatment References

1 RA CYC Acta Med Scand 1979; 205: 651

11 RA CYC/podophyllotoxin/

chlorambucil/ azathioprine

Clin Rheumatol 1987; 6: 27

9 RA Chlorambucil/CYC Ann Rheum Dis 1987; 46: 757

1 RA Chlorambucil S Afr Med J 1988; 73: 55

4 JIA Chlorambucil Pediatr Nephrol 1990; 4: 463

3 RA/JIA CYC/methotrexate Medicine (Baltimore) 1991; 70: 246

12 RA/JIA Chlorambucil/CYC J Rheumatol 1993; 20: 2051

1 RA CYC Clin Nephrol 1994; 42: 30

1 RA Azathioprine Arthritis Rheum 1995; 38: 1851

1 RA CYC Mod Rheumatol 2000; 10: 160

4 RA CYC Arthritis Rheum 2001; 44: 66

15 RA CYC Rheumatology (Oxford) 2001; 40: 821

15 RA CYC Clin Rheumatol 2003; 22: 371

AA: amyloid A; RA: rheumatoid arthritis; JIA: juvenile idiopathic arthritis; CYC: cyclophosphamide.

Table 1. Reported cases in the treatment for AA amyloidosis secondary to RA/JIA with immunosuppressants.
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The efficacy of corticosteroid treatment with regard to AA amyloidosis secondary to RA is still
controversial [39]. Corticosteroids can reduce the magnitude of acute phase reactions includ‐
ing synthesis of C-reactive protein (CRP) and SAA. In cultures of human hepatocyte, cortico‐
steroids stimulated SAA production but not CRP production. Although corticosteroids
reduced SAA and CRP levels in longitudinal studies of patients with RA, the effect was
somewhat greater for CRP than for SAA [40]. Growing evidence suggests that SAA is sensitive
to change, achieves much higher levels than CRP, declines rapidly, and may therefore
accurately reflect disease activity. The advantages of SAA as a biomarker of disease activity
include the rapid production and exceptionally wide dynamic range of the inflammatory
response. During acute inflammation, serum SAA levels may rise up to 1000-fold and the
biologic half-life of SAA levels are significantly shorter than that of CRP [41]. Monitoring SAA
instead of CRP levels would thus be advisable, especially if corticosteroids are used. Treating
patients with AA amyloidosis secondary to RA using cytotoxic drugs either alone or togeth‐
er with prednisolone, which is a synthetic glucocorticoid and a cortisol derivative, seems
reasonable [42]. Because the effect of immunosuppressants may require weeks or months to
be obvious, giving steroids in addition to immunosuppressants is recommended to ensure an
immediate reduction in the acute phase response and, in particular, SAA synthesis [43].

Figure 4. Differences between CYC and methotrexate (MTX) treatments in RA patients with AA amyloidosis. The de‐
ducted value (in the figure) was determined by subtracting the starting CRP and serum creatinine values from the
corresponding ending values in each treatment. Quoted from Nakamura et al. Rheumatology (Oxford) 2006; 45: 43–49.

Although no evidence is available that csDMARDs have a particular effect on amyloidogen‐
esis and AA amyloidosis in RA, reports provided encouraging description of the beneficial
results of alkylating agents in clinical trials in RA patients with AA amyloidosis [44–46]. Using
immunosuppressive agents may improve prognosis, and CYC has proved to be superior
compared with methotrexate (MTX) for the treatment of RA patients with AA amyloidosis
(Figure 4) [11]. Because between before and during CYC treatment, the values of Lansbury
index, which implies a statistical approach to indices of disease activity, have lowered more;
CYC may be more effective mainly in patients with SAA1.3 homozygosity than in patients
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with SAA1.3 heterozygosity, which suggests that SAA1.3 homozygosity is a CYC treatment-
susceptible factor (Figure 5) [20].

Figure 5. Changes in Lansbury index after CYC or prednisolone treatment in RA patients with AA amyloidosis with
SAA1.3 heterozygosity or homozygosity. In SAA1.3 homozygous patients, a statistically significant difference occurred
between before and during, whereas SAA1.3 heterozygous patients showed no such significant difference. Quoted
from Nakamura et al. Clin Rheumatol 2003; 22: 371–375.

During signal transduction, interleukin-6 (IL-6) binds to the membrane-bound IL-6 receptor
gp80 [47], and after which the IL-6-gp80 dimer interacts with gp130. Formation of gp130-
containing complexes activates Janus kinases, which stimulates signal transducers and
activators of transcription (STATs) [48–50]. Some evidence suggests that STAT3 is the critical
transcription factor that is responsible for IL-6 activation of SAA gene transcription [51]. The
function of Janus kinase inhibition in the IL-6-signaling pathway will thus be one target of RA
treatment. Suppressing IL-6-mediated pro-inflammatory signaling pathways using Janus
kinase inhibitors may be a novel anti-inflammatory therapeutic strategy for RA and AA
amyloidosis.

Another agent, tacrolimus, may inhibit T-cell function in the pathogenesis of AA amyloido‐
sis. In experimental murine models of AA amyloidosis, blocking the function of T lympho‐
cytes with the calcineurin inhibitor tacrolimus showed that it inhibited deposition of AA
amyloid fibril in a dose-dependent manner. Also, the location of CD4+ T lymphocytes in the
spleen was identical to that of AA amyloid fibril deposits, which suggests that T lympho‐
cytes have a role in the pathogenesis of AA amyloidosis [52].

4. Treatment with biological DMARDs for AA amyloidosis secondary to
RA

Tight control of RA during treatment is important for obtaining clinical remission or for low
disease activity [53]. This control is achieved via periodic assessments of RA disease activity
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and aggressive investigation of additional more effective treatments [54]. Biological
DMARDs (bDMARDs) therapy is expected to be effective against systemic inflammation and
local inflammation such as those occurring in RA.

Type of agent Biologic References

TNFα antagonist

IFX Arthritis Rheum 2002; 46: 2571

ETN/IFX Arthritis Rheum 2003; 48: 2019

ETN/IFX Rheumatology (Oxford) 2003; 42:1425

ETN Intern Med J 2004; 34: 570

ETN/IFX Rheumatology (Oxford) 2004; 43: 669

ETN/IFX Am J Med 2005; 118: 552

ETN Clin Exp Rheumatol 2007; 25: 518

IFX Rheumatol Int 2008; 28: 1155

ETN/IFX J Rheumatol 2009; 36: 2409

ETN Clin Rheumatol 2010; 29: 1395

ETN Rev Bras Reumatol 2010; 50: 205

ETN Rheumatol Int 2011; 31: 247

ETN/ADA Joint Bone Spine 2013; 80: 223

IL-6 receptor antagonist

TCZ Arthritis Rheum 2006; 54: 2997

TCZ Clin Rheumatol 2009; 28: 1113

TCZ Clin Rheumatol 2010; 29: 1195

TCZ Mod Rheumatol 2014; 24: 405

TCZ Amyloid 2015; 22:84

TCZ Clin Exp Rheumatol 2015; 33 (Suppl. 94): S46

Selective costimulation modulator of T-cell function

ABT Clin Exp Rheumatol 2014; 32: 501

Anti-CD20 antibody

RTX Joint Bone Spine 2011; 78: 98

DMARDs: disease-modifying antirheumatic drugs; AA: amyloid A; RA: rheumatoid arthritis; TNFα: tumor necrosis
factor α; IFX: infliximab; ETN: etanercept; ADA: adalimumab; IL-6: interleukin6; TCZ: tocilizumab; ABT: abatacept;
CD: cluster of differentiation; RTX: rituximab.

Table 2. Biological DMARDs for patients with AA amyloidosis secondary to RA.

Etanercept (ETN) and infliximab (IFX), both tumor necrosis factor α (TNFα) antagonists, can
lower SAA levels in RA patients with AA amyloidosis [55, 56]. This effect ameliorates both RA
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inflammation and AA amyloidosis, reduces the number of swollen and tender joints, lowers
or normalizes proteinuria, and improves renal function [57, 58]. Although a small number of
patients with AA amyloidosis secondary to RA received ETN, this drug had benefits for both
RA inflammation and AA amyloidosis, even in SAA1.3/1.3 allele-carrying RA patients (Table
2) [59–62]. Such benefits were determined by evaluating the surrogate markers disease activity
score 28-erythrocyte sedimentation rate, CRP, SAA, and proteinuria (Table 3). Also, patients
with mild RA disease and renal dysfunction demonstrated significantly improved serum
creatinine levels. This result suggests that an earlier intervention with bDMARDs produces a
better outcome for RA patients with AA amyloidosis (Table 4) [63, 64].

Parameter Initial visit Last visit P-value

DAS28-ESR 5.99 ± 0.69 2.99 ± 0.15 <0.01

CRP (mg/dl) 4.68 ± 0.87 0.48 ± 0.29 <0.01

SAA (μg/ml) 250 ± 129 26 ± 15 <0.01

Proteinuria (g/day) 2.24 ± 0.81 0.57 ± 0.41 <0.01

Creatinine (mg/dl)* 2.54 ± 1.38 2.50 ± 2.21 0.896

ETN: etanercept; AA: amyloid A; RA: rheumatoid arthritis; DAS: disease activity score; ESR: erythrocyte
sedimentation rate; CRP: C-reactive protein; SAA: serum amyloid A protein.
*Serum levels.
ETN was significantly effective for RA patients with AA amyloidosis. DAS28-ESR and CRP indicated RA
inflammation, and SAA and proteinuria-indicated AA amyloidosis. Quoted and modified from Nakamura et al. Clin
Rheumatol 2010; 29: 1395–1401.

Table 3. Effect of ETN on AA amyloidosis secondary to RA.

Creatinine value less than 2.0 (mg/dl) (n = 6) Creatinine value more than 2.0 (mg/dl) (n = 8)

Initial visit (mg/dl) Last visit (mg/dl) Initial visit (mg/dl) Last visit (mg/dl)

1.37 ± 0.49a 1.07 ± 0.59a 3.43 ± 1.14b 3.56 ± 2.39b

ETN: etanercept; AA: amyloid A; RA: rheumatoid arthritis.
Although a statistical significance of serum levels of creatinine was not observed as shown in Table 3, when cutting
levels of serum creatinine by 2.0 mg/dl, the group with values lower than 2.0 mg/dl revealed to be significant.
Regarding with renal dysfunction because of AA amyloidosis secondary to RA, the earlier the intervention, the better
the outcome was suggested. Quoted and modified from Nakamura et al. Clin Rheumatol 2010; 29: 1395–1401.
a P = 0.021, b not significant.

Table 4. Effect of ETN on renal dysfunction in AA amyloidosis secondary to RA.

Tocilizumab, an IL-6 receptor antagonist, also produced excellent SAA suppression and may
show promise as a therapeutic agent for AA amyloidosis [65–67]. Circulating SAA levels
usually indicate changes in CRP, and levels of these acute phase reactants usually increase at
the same time, but certain differences can occur. SAA and CRP seem to be somewhat affect‐
ed by different cytokines [68, 69]. As mentioned earlier, therapy in which IL-6 is blocked, rather
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than therapy utilizing TNF-α blockade, should influence multiple signal transduction systems
and may normalize SAA levels in RA patients (Figure 6) [70].

Figure 6. Changes in serum values of SAA between the first and last observations for each biologic. SAA values
showed more significant suppression in the tocilizumab group than in the TNF inhibitor group (P = 0.0194, Wilcoxon
rank sum test). Quoted and modified from Okuda et al. Mod Rheumatol 2014; 24: 137–143.

Figure 7. Clinical course of two RA patients with AA amyloidosis who received abatacept treatment. Clinical parame‐
ters were related to RA inflammation and AA amyloidosis after treatment. DAS28-CRP: disease activity score in 28
joints based on the CRP level; HAQ: Health Assessment Questionnaire; eGFR: estimated glomerular filtration rate; U-
protein: qualitative protein analysis of spot urine. Quoted and modified from Nakamura et al. Clin Exp Rheumatol
2014; 32: 501–508.

Abatacept (ABT) is a soluble fusion protein consisting of the extracellular domain of recombi‐
nant human cytotoxic T lymphocyte-associated antigen 4 plus a fragment of the Fc domain
human immunoglobulin IgG1 (CTLA-4Ig) [71]. CTLA-4Ig may reduce T lymphocyte respons‐
es by competing with CD80/CD86 to access CD28 and thus limit the CD28 signaling that T
lymphocyte activation requires [72]. ABT may also affect more than just T lymphocytes [73].
Whether intracellular signaling or other CTLA-4Ig-mediated effects contribute to a favorable
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outcome or a poor outcome, especially during the treatment of RA patients, is not entirely
clear, and the exact role of CTLA-4Ig in biological systems, including patients with AA
amyloidosis secondary to RA, is also unresolved. Although accumulating clinical data on ABT
treatment suggest an advantage for ABT in RA management [74, 75], the safety and efficacy
of ABT in patients with AA amyloidosis secondary to RA have not yet been studied. Figure
7 illustrates that in two patients, who had more than 20 years of RA history and who carried
the SAA1.3 allele, which is a risk factor for AA amyloidosis in Japanese RA patients, ABT
gradually improved RA disease activities, proteinuria, and various gastrointestinal symp‐
toms and was clinically effective to some degree in one case and completely in the other for
both RA inflammation and AA amyloidosis. Study results also suggest that ABT targeting of
costimulatory molecules may be useful for treating patients with AA amyloidosis secondary
to RA and that ABT may be an alternative to anti-cytokine therapies for AA amyloidosis
complicating RA [76].

Rituximab, an anti-CD20 monoclonal antibody, was effective for treating patients with severe
active RA who had an inadequate response to TNFα inhibitor (or inhibitors) [77]. The efficacy
and safety of rituximab for patients with AA amyloidosis secondary to RA together with
substantial clinical improvement in articular symptoms, marked reduction in acute phase
reactants, and stabilization of renal function and proteinuria were demonstrated [78].

5. Inhibiting AA amyloid fibrillogenesis in AA amyloidosis secondary to
RA

Highly sulfated glycosaminoglycans, especially heparan sulfate and dermatan sulfate
proteoglycans, are universal constituents of amyloid deposits and promote fibril assembly and
help maintain conformational changes related to amyloidogenesis [79, 80]. Eprodisate is a
negatively charged, sulfonated low molecular weight molecule that has a structure which is
similar to that of heparan sulfate [81]. It binds to the SAA binding site to prevent interaction
of SAA with glycosaminoglycans and thereby inhibits a conformational change required to
cause SAA to become amyloidogenic. In in vivo studies with murine models, eprodisate
inhibited the development of amyloid deposits [82, 83].

Eprodisate is still the only drug that was tested in a phase II/III multicenter, placebo-control‐
led, double-blinded study of amyloidosis [84]. Patients were stratified according to the
presence of nephrotic syndrome and the treatment center, after of which they were random‐
ized to receive eprodisate or placebo twice daily for up to 2 years. Outcome measures were a
composite endpoint of serum creatinine, creatinine clearance, and progression to end-stage
renal disease (ESRD) or death. Secondary outcome measures included the creatinine clear‐
ance slope, change in proteinuria, improvement in diarrhea, and alteration in amyloid content
of abdominal fat. The study demonstrated that eprodisate may have contributed to the failure
to achieve the study’s primary endpoints, although the eprodisate-treated group did show
renal benefits (Figure 8). The study, however, did not demonstrate a significant benefit from
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active therapy on progression to ESRD or risk of death, although a trend to benefit was seen.
A phase III clinical study is currently under way in Japan.

Figure 8. Kaplan-Meier survival curves for patients with AA amyloidosis who were given eprodisate or placebo. In
terms of event-free survival, eprodisate demonstrated superior effectiveness compared with placebo, but this effect
was not statistically significant. An event was defined as any component of the composite endpoint of worsened dis‐
ease. Quoted and modified from Dember et al. N Engl J Med 2007; 356: 2349–2360.

6. Immunotherapy for AA amyloidosis secondary to RA

An alternative therapeutic approach was to target other components of amyloid deposits to
destabilize amyloid fibrils. SAP is a normal plasma component and is a universal constitu‐
ent of amyloid deposits. Its presence may therefore mask the presence of amyloid deposits and
inhibit effective clearance of amyloid [85]. In fact, SAP knockout mice showed inhibited
amyloid formation [86]. SAP was identified as a therapeutic target, which then led to devel‐
opment of CPHPC, a drug that inhibits the binding of SAP to amyloid deposits [87]. The activity
of this agent relates to its ability to cross-link SAP molecule pairs face to face, which results in
rapid hepatic clearance and completely blocks the binding face of the SAP molecule [88]. A
preliminary study demonstrated that regular administration resulted in sustained and
profound SAP depletion. Several patients received the drug for many years with no obvious
adverse effects, although the degree of potential clinical benefit was not great enough to be
determined in this open, non-controlled study (Table 5) [89].

Antibodies recognizing a common fibril epitope were raised and given to mice [90] with
systemic AA amyloidosis, which resulted in reduced amyloid levels. CPHPC effectively
removed SAP from the blood, but only very slowly from amyloid deposits, which allowed the
development of an antibody directed at SAP. CPHPC was used to remove the SAP from plasma
followed by use of an anti-SAP antibody, which led to rapid clearance by macrophages of
experimentally induced amyloid deposits; this method begin developed for use in patients
[91].
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Patient no. Amyloid type Anti-SAP dose (mg) SAP scan Change in amyloid load

1 AA 5 Not improved None detected

2 AApoA1 637 Improved Liver reduction

3 AA 650 Improved Kidney reduction

AA: amyloid A; SAP: serum amyloid P component; CPHPC: (R)-1-[6-[(R)-2-carboxy-pyrrolidin-1-yl]-6-oxo-
hexanoyl]pyrrolidine-2-carboxylic acid; AApoA1: apolipoprotein A1.
Improved SAP scan: an improved scan was defined as a 123I-SAP scintigram revealing a reduction in organ amyloid
load at day 42 after SAP-antibody administration.
Combination treatment with CPHPC and anti-SAP antibody was effective to some extent for AA amyloidosis. Quoted
and modified from Richards et al. N Engl J Med 2015; 373: 1106–1114.

Table 5. Response of patients with AA amyloidosis to anti-SAP antibody after depletion of plasma SAP with CPHPC.

7. Biomarkers predicting effectiveness of treatment for AA amyloidosis
secondary to RA

Because renal dysfunction is the most common symptom in AA amyloidosis secondary to RA,
surrogate markers representing the effectiveness of each treatment were investigated, with a
focus on kidney function, in RA patients with AA amyloidosis who carried the SAA 1.3 allele
and who were treated with CYC or ETN focusing [92]. Identifying patients with a poor
prognosis when it may be possible to modify the disease process and in whom any therapy
may be justified is important. The presence of SAA1.3 allele in Japanese RA patients may be a
critical indicator for maintaining tight control of RA inflammation via vigorous treatment
during the early phase of the RA disease course [11]. The rationale for using biologics in AA
amyloidosis relates to their ability to lower levels of serum pro-inflammatory cytokines, which
regulate SAA synthesis [93, 94]. A retrospective study reported the efficacy and safety of ETN
for patients with AA amyloidosis secondary to RA who carried SAA1.3 allele [64]. Using ETN
for RA patients with AA amyloidosis may be possible, even for those undergoing dialysis [95,
96]. The efficacy of ETN was compared with that of CYC for treating AA amyloidosis
secondary to RA as related to the SAA1.3 allele, which was not a factor affecting therapeutic
susceptibility (Figure 9). Demonstrable endpoints included recovery of serum albumin
biosynthesis, improvement in the acute phase response, and amelioration of estimated
glomerular filtration rate (eGFR). SAA1.3 allele polymorphism was not affected on these
parameters (Table 6). Albumin in fact reflects the severity of AA amyloidosis [97]. The changes
in CRP and albumin were influenced by the difference between therapies rather than SAA1.3
allele polymorphism (Figure 10). In contrast, the eGFR in patients with end-stage renal damage
may reflect diminished urinary flow and may indicate improvement in renal function. Only
ETN aided the amelioration of the eGFR, which indicated the greater efficacy of ETN com‐
pared with CYC for treating AA amyloidosis secondary to RA.
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Figure 9. Kaplan-Meier survival curves after the treatment with ETN or CYC. ETN clearly demonstrated more effec‐
tiveness for RA patients with AA amyloidosis than did CYC. Quoted and modified from Nakamura et al. Rheumatolo‐
gy (Oxford) 2012; 51: 2064–2069.

Category CRP Alb eGFR Crea
Within-subject <0.01 <0.01 0.035 0.085

Interaction with

SAA1.3 allele polymorphism 0.777 0.715 0.465 0.228

Treatment (ETN/CYC) <0.01 <0.01 0.032 0.148

ETN: etanercept; CYC: cyclophosphamide; CRP: C-reactive protein; Alb: albumin; eGFR: estimated glomerular
filtration rate; Crea: creatinine.
Except creatinine, recovery of serum albumin biosynthesis, improvement in the acute phase response, and
amelioration of estimated glomerular filtration rate (eGFR) were valuable parameters to show effectiveness in the
treatment with etanercept. SAA1.3 allele polymorphism was not affected on these parameters. Quoted from Nakamura
et al. Rheumatology (Oxford) 2012; 51: 2064–2069.

Table 6. Parameters showing effectiveness of treatment with ETN or CYC.

Figure 10. Changes in the eGFR between initial and last visits according to the effectiveness of treatment with ETN or
CYC (A) and as a function of the SAA1.3 allele homozygosity or other polymorphisms (B). ETN increased the eGFR,
which improved the reduced renal function caused by AA amyloidosis, more than did CYC, and SAA1.3 did not affect
treatment in both groups of patients. Quoted from Nakamura et al. Rheumatology (Oxford) 2012; 51: 2064–2069.
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8. End-stage renal disease treatment in AA amyloidosis secondary to RA

Kidneys that have extensive AA amyloid deposits are extremely susceptible to intercurrent
insults such as hypoperfusion, hypertension, nephrotoxic drug effects, and surgical injuries,
which should all be avoided in AA amyloidosis [98, 99]. Renal involvement is the most
common problem in AA amyloidosis, and patients with AA amyloidosis frequently prog‐
ress to end-stage renal disease (ESRD) and poor prognosis (Figure 11). When evaluating
therapies for renal dysfunction related to AA amyloidosis, renal transplantation has been
thought to be a suitable method [100]. However, existing data on patient survival and graft
prognosis do not provide conclusive results about whether renal plantation is suitable for
patients with AA amyloidosis [101]. An alternative to transplantation is chronic dialysis, but
experience with dialysis in patients with AA amyloidosis has not yet as been encouraging [102,
103]. Peritoneal dialysis increases the susceptibility to infection and protein loss [104].
Hypoalbuminemia is well known to predict overall mortality in hemodialysis patients [105].
An elevated CRP value is associated with an increased risk of death in dialysis patients [106],
and CRP has been found to be an independent predictor of major adverse cardiac events [107].
Because patients with AA amyloidosis who have progressed to ESRD have already been
exposed to significant levels of inflammation, which may be ongoing, they may have an
additional cardiovascular risk [108]. Patients with marked proteinuria have an increased risk
of thrombosis, and the decision to use anticoagulants must be made on an individual basis
[109]. General management principles apply to patients with AA amyloidosis secondary to
RA for lowering high lipid levels and modifying diet as other causes of renal dysfunction.

Figure 11. Kaplan-Meier survival curves after diagnosis of AA amyloidosis for patients with serum creatinine values
of >2.5 or ≤2.5 mg/dl. Renal dysfunction, the most common symptom in AA amyloidosis secondary to RA, is a factor
indicating a poor prognosis for survival. Quoted from Nakamura et al. Rheumatology (Oxford) 2006; 45: 43–49.
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9. Possible involvement of phagocytes in degeneration of AA amyloid
fibrils

Macrophages participate in SAA processing and deposition [110, 111], and cell surface-
expressed heparan sulfate proteoglycans have an essential function in amyloidogenesis
through the binding of high-density lipoprotein-associated SAA [112]. In addition, Fc-
receptor-positive macrophages have been implicated in the reduction of the amyloid load after
inflammation has resolved [113]. Phagocytes such as neutrophils and macrophages will serve
an important function for reducing AA amyloid deposits during ABT treatment (Figure 12).

Figure 12. Immunohistochemical analysis of a biopsy specimen from a patient with RA and AA amyloidosis who re‐
ceived abatacept (ABT). (A) Stained with the antibody anti-formyl peptide receptor-like 1 (fPRL-1, the receptor in‐
volved in production of reactive oxygen species, degradation, and phagocyte migration) and (B) anti-human CD68
antibody staining. Phagocytes, polymorphonuclear leukocytes, and macrophages stained positively in the upper gas‐
trointestinal mucosa specimen. Quoted and modified from Nakamura et al. Clin Exp Rheumatol 2014; 32: 501–508.

Figure 13. Relation between macrophages and AA amyloid deposits. AA amyloid deposits showed positive Congo-red
staining (A), and anti-CD68 antibody-positive macrophages (arrows) surrounded AA amyloid deposits (B). These find‐
ings suggest an interaction between macrophages and amyloid deposits for the reduction in AA amyloid deposits.
Quoted and modified from Nakamura et al. Clin Exp Rheumatol 2014; 32: 501–508.
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T lymphocytes may influence the formation or metabolism of these amyloid fibrils. These cells
colocalized within AA amyloid deposits, which indicates that phagocytes may participate in
the metabolism or turnover of these amyloid deposits (Figure 13). Involvement of macro‐
phages in AA amyloid reduction was proposed [114], and this hypothesis was supported by
observations that macrophage-derived proteases completely degraded AA amyloid [115].
Resolution of AA amyloid deposits appears to start when inflammation subsides and SAA
levels normalize. Additional data on the natural clearance of AA amyloid are vital [116], for
both a better understanding of the dynamics of amyloidogenesis and the development of
effective treatments for patients with AA amyloidosis secondary to RA.

10. Conclusion

AA amyloidosis is an uncommon yet important complication of chronic inflammatory
conditions. Significant progress has been made in understanding of pathology, pathogenesis,
and clinical treatment of AA amyloidosis secondary to RA, but AA amyloidosis is still a serious
problem that deserves continued investigation. The SAA1.3 allele is both a risk factor for AA
amyloidosis and a factor related to poor prognosis and shortened survival in Japanese patients
with RA. The incidence of AA amyloidosis secondary to RA will likely decrease because of
remarkable advances in RA treatments such as bDMARDs and intracellular signal transduc‐
tion inhibitors. However, when rheumatologists first meet patients with AA amyloidosis
secondary to RA, the patients may be facing a serious, life-threatening disorder such as ESRD
and/or cardiac complications, even given the present medical milieu in developed countries.
The pathological process in RA patients with AA amyloidosis is likely to be more complicat‐
ed and subtle than previously realized. Clarification of the formation and degeneration of AA
amyloid fibrils induced by not only drugs but also cellular mechanisms and elucidation of the
biological significance of SAA in health and disease is indispensable prerequisites to the
management of AA amyloidosis secondary to RA. Novel therapies that target AA fibril
formation and immunotherapy are currently under investigation and will lead to improved
prognosis in the near future.
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Abstract

Understanding  the  mechanisms  regulating  whole-body  glucose  homeostasis  is
important in order to understand what happens in a disease such as type 2 diabetes
(T2D). Insulin resistance, inflammation, dysfunction of islet β-cells, and the presence of
amyloid deposits in the pancreas are some of the major causes involved in the process
of β-cell deterioration. The unique peptide constituent of amyloid deposits, human islet
amyloid polypeptide (hIAPP), is capable of inducing endoplasmic reticulum (ER) stress
and the resulting unfolded-protein response activation. Additionally, hIAPP has been
shown to induce interleukin-1β expression, the main cytokine involved in inflamma‐
tion and T2D causing inflammation and eventually, inducing apoptosis. Nevertheless,
the mechanisms behind the process of hIAPP aggregation and amyloid formation are
still unknown. In this chapter, we describe the different mechanisms by which hIAPP
induces  ER  stress  and  inflammation.  This  should  open  the  door  for  designing
therapeutic interventions aimed at modulating the immune system and the ER stress
response.

Keywords: Diabetes, pancreatic amyloid, inflammation, ER stress, IAPP, chaperones,
diabetes

1. Introduction

Type 2 diabetes (T2D) is a chronic metabolic disease characterized by hyperglycemia result‐
ing from defects in insulin secretion, insulin action, or both. The chronic hyperglycemia is
associated with long-term damage, dysfunction and failure of different organs, especially the
eyes, kidneys, nerves, heart and blood vessels. The genetic and molecular basis of the patho‐
genesis of T2D is not completely elucidated; however, a growing body of evidence has reported
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that the progression from normal to impaired blood glucose level regulation in individuals with
T2D is mostly influenced by insulin resistance and β-cell dysfunction. During the last decade,
the reduction in β-cell function has been attributed mostly to a decrease in β-cell mass; howev‐
er, its precise role for the etiology of T2D remains controversial due to the lack of longitudinal
studies. In spite of this, several studies in patients with T2D have shown a significant β-cell mass
reduction ranging from 20 to 65% [1, 2]. Although, the reasons underlying this deficit are not
clearly understood, some factors responsible for this decline have been suggested, for exam‐
ple, metabolic abnormalities (gluco- and lipotoxicity), hormonal changes (inadequate incretin
secretion and action), aging, genetic abnormalities, etc. [3]. Additionally, a growing body of
evidence has demonstrated the contribution of the hypersecretion of islet amyloid polypep‐
tide (IAPP), together with amyloid deposition for the establishment of T2D.

The process of amyloid deposition is a remarkable physiopathological finding in individuals
with T2D (Figure 1). The term amyloid emerged from the Latin word amylum, which means
starch. For a long time, it was thought that these deposits were starch-like, but later it was
discovered that they were actually a mass of proteins with a particular β-sheet structure. From
that, pathologies with conformational changes in normally soluble proteins or peptides that
result in the formation of intermolecular hydrogen bonds, β-sheet conformation, and fibril
formation are namely conformational diseases [4]. Besides T2D, these conditions have been
also implicated in different human disorders, including Alzheimer’s disease (AD), Parkinson’s
disease, and Huntington’s disease.

Figure 1. Amyloid deposits from cadaveric human pancreata. Amyloid deposits are observed in human pancreas by
(A) hematoxylin/eosin staining, (B) Congo Red staining, or (C) electron microscopy, kindly provided by Anne Clark
(unpublished data).

The contribution of IAPP in T2D is still controversial; several studies question whether amyloid
deposition is a cause or a consequence of islet decline and whether it occurs intra- or
extracellularly [5, 6]. However, numerous evidences correlate the role of IAPP with the severity
of the disease. The facts indicate that amyloid deposits are seen in 90% of patients with T2D
at autopsy and can possibly correspond to stages of the pathology [7, 8].
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While IAPP and amyloid formation seem to have a substantial relation in T2D, it is unknown
whether aggregation of IAPP plays any role in the development of type 1 diabetes (T1D). One
can assume that during β-cell destruction, as in T2D, cells are exposed to high levels of IAPP.
Indeed, children with new onset of T1D presented with high levels of IAPP [9]. Nevertheless,
further studies need to be done in order to determine the importance of IAPP in the develop‐
ment of T1D.

2. IAPP and T2D

2.1. Islet amyloid polypeptide

Islet amyloid polypeptide or IAPP, also known as amylin, is a normal product of pancreatic
β-cells. It is stored along with insulin in secretory granules and co-secreted in response to
nutrient stimuli. This 37-amino acid peptide was identified in 1987, although the gene was
isolated and characterized in 1989 [7]. Nishi et al. located it in chromosome 12, containing three
exons and two introns that codified for an 89-amino acid precursor termed preproIAPP with
an amino-terminal signal sequence. This signal peptide is then cleaved from the precursor to
generate a 67-amino acid propeptide termed proIAPP. This peptide undergoes further
translational modifications by the prohormone convertases, which include the formation of
disulfide bridges between cysteine residues and an amidation of a C-terminal tyrosine. These
prohormone convertases are as well responsible for proteolytic conversion of proinsulin to
insulin, supporting the idea that the processing of proIAPP might also be impaired in T2D [10].

The function of IAPP has been suggested to be involved with glucose homeostasis. In general,
this hormone inhibits gastric emptying and is important in controlling and delaying the rate
of meal-derived glucose. It has also been shown to inhibit secretion of other pancreatic
hormones, such as glucagon and somatostatin. Indeed, physiological concentrations of IAPP
are responsible for the regulation of food intake and body weight. Several other effects have
been described, including the regulation of renal filtration [11], calcium homeostasis [12], and
vasodilatation [13]. Nevertheless, a critical role positions IAPP as the main responsible for the
pathogenesis of T2D through formation of amyloid deposits and destruction of pancreatic β-
cells.

Non-toxic bioactive variants of IAPP have been shown to be clinically important for the
treatment of T1D, T2D, and obesity. For example, co-administration of modified non-toxic
variants of IAPP and insulin helped normalization of oscillating glucose levels to a greater
extent than insulin alone [14, 15]. Furthermore, combinations of IAPP and leptin have also
been used for the treatment of obesity [16]. Nevertheless, aggregation, engineering, and
solubility problems at physiological pHs have been affecting the different approaches.

2.2. Molecular mechanisms of IAPP aggregation and amyloid formation

Although there has been considerable progress, the exact mechanism of abnormal aggregation
of IAPP is still largely unknown; however, several studies pointed the overproduction or
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mutations in IAPP as the main causes of amyloid formation. The role of overproduction of
IAPP is associated with the increased secretory demand for insulin due to insulin resistance
and increasing hyperglycemia [17]. Because IAPP and insulin are co-secreted in β-secretory
granules, this increased production and secretion could result in accumulation and aggrega‐
tion of IAPP. Many studies have reported that transgenic mice overexpressing hIAPP develop
islet amyloid deposits [18, 19]. However, other studies contradicted this hypothesis, claiming
that IAPP levels are several times higher than normally. To confirm these findings, Kahn et al.
demonstrated that non-diabetic obese and/or insulin-resistant individuals with elevated IAPP
levels do not develop amyloid deposits per se. However, in both cases, the presence of some
factors, such as genetic predisposition, high fat diet, and obesity, might be critical for the
development of extensive islet amyloid [18, 19].

Another possible mechanism for amyloid formation concerns the mutations in the IAPP gene
or promoter regions, by producing more fibrillogenic forms [20]. For example, based on several
studies, the S20G mutation in the IAPP gene appears to be associated with an early onset and
more severe form of T2D [21].

In addition, the existence of hydrophobic amino acids in the mid-portion of IAPP could also
be responsible for its propensity to aggregate into β-pleated sheets. Several algorithms, such
as discrete molecular dynamics simulations [22] or specifically designed software such as
TANGO [23–25], have been developed to identify the amyloidogenic regions of hIAPP. In this
line, the residues at positions 20–29 of the polypeptide chain have been determined to be the
amyloidogenic region of the peptide. Accordingly, the proline substitutions in the 24–29
regions of rodent IAPP are thought to prevent amyloid fibril formation completely [26]. Proline
is known to be a β-sheet breaker, and a total inhibition of amyloid formation was seen when
substitutions in the 20–29 wild-type area were performed [27]. Proteoglycans, the major
components of the extracellular matrix, have been implicated with several pathologies,
including AD and T2D, and have been associated with amyloid deposits in the human body
[28]. In particular, together with IAPP, heparan sulfate proteoglycan perlecan is the main
component of amyloid deposits in pancreatic islets. Several hypotheses indicate that the
impaired processing of proIAPP may result in an elevated secretion of the IAPP precursor with
a strong affinity for heparan sulfate proteoglycans, which could eventually result in a gener‐
ation of a nucleus from amyloid formation [17, 18].

2.3. IAPP toxicity

Aggregated hIAPP has cytotoxic properties and is believed to be of critical importance for the
progression in patients with T2D. Early studies have shown that the formation of islet amyloid
is strongly associated with reduction of insulin secretion and with loss of approximately 50%
of the β-cell mass [29, 30]. Human IAPP aggregation has been suggested to occur in a stepwise
manner, with soluble monomeric hIAPP forming oligomeric structures, protofibrils, and
eventually amyloid fibrils (Figure 2).
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Figure 2. Proposed model of amyloid formation. (A) Primary sequences of human and murine islet amyloid polypep‐
tide. Amyloidogenic region predicted by intrinsic propensities for aggregation is indicated in gray. Note the presence
of proline residues in rodent IAPP sequence. (B) Folding or trafficking alterations can induce hIAPP misfolding lead‐
ing to aggregation. Misfolded monomers aggregate to oligomers that eventually form the characteristic amyloid pla‐
ques from T2D.

Initially, there was general acceptance about the concept that the fibrillar forms of hIAPP are
the toxic species [31]. Moreover, amyloid fibrils are less toxic than small oligomers formed by
aggregates of IAPP. Studies have shown a strong correlation between islet amyloidosis and
hIAPP cytotoxicity and eventually β-cell death. Yanker et al. have demonstrated that toxicity
is mediated by IAPP fibrils by direct contact of fibrils with the cell surface causing DNA
fragmentation, chromatin condensation, and protuberances in the plasma membrane leading
to islet cell apoptosis [32]. The common feature for hIAPP fibrils lies on the classical cross β-
structure, polymorphic, and typically unbranched [33]. Additionally, in vitro studies have
provided evidences that synthetic hIAPP readily forms fibrils and amyloid deposits, which
allowed studying the overall morphology and formation process [33, 34].

According to the structural information available for hIAPP fibrils and oligomers, it is clear
that hIAPP as an amyloid protein has shown to be toxic through similar mechanisms as other
amyloid proteins. One of the most widely accepted mechanisms refers to membrane interac‐
tion which leads to cell membrane permeabilization or disruptions [35]. Concerning hIAPP
oligomers, the membrane leakage occurs via direct interaction and/or formation of ionic pores
and depends on the lipid composition, peptide ratio, pH, and ionic strength. In the case of fibril
formation, the damage in the membrane may happen through interaction of fibrils with
specific channels located on the cell surface, such as potassium channels [36]. Moreover,
oligomers of hIAPP have been shown to increase inflammation in β-cells via the inflamma‐
some, a large group of intracellular multiprotein complexes that induce inflammation and play
a central role in immunity [37].

Comparably, hIAPP can form oligomers and fibrils that contribute to islet inflammation. In
this line, hIAPP oligomers and fibrils (but not rodent IAPP) have been shown to induce
synthesis of interleukins and other inflammatory mediators by pancreatic islets that recruit
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and activate macrophages in vivo [38]. Further, endoplasmic reticulum (ER) stress has been
proposed to be an important contributor to hIAPP-induced-β-cell death since exogenously
added hIAPP has been confirmed to induce ER stress. Some reports showed that ER stress-
mediated apoptosis is exacerbated in rodent β-cells expressing amyloidogenic isoforms of
hIAPP, leading to a reduction of β-cell mass in hIAPP transgenic mice and rats [6, 39]. In
addition, Casas et al. [40] demonstrated that extracellular hIAPP aggregation is associated with
ER stress responses in mouse β-cells. Although the mechanism responsible for β-cell cytotox‐
icity during the process of hIAPP aggregation is still not well defined, a growing body of
evidence firmly indicates that IAPP fibrils or oligomers have a crucial role in the progressive
β-cell dysfunction in T2D.

Prevention of IAPP amyloid formation may represent a potential treatment for T2D. Thus, the
use of several small-molecule inhibitors is being exploited. Several small inhibitory peptides
[26, 41], natural polyphenols (such as resveratrol and epigallocatechin gallate; EGCG) [42, 43]
or specific antibodies [44, 45] have been successfully used to validate the application of anti-
amyloid compounds. For example, the peptide D-ANFLVH inhibited the formation of islet
amyloid deposits and contributed to the preservation of β-cell area and improved glucose
tolerance in mice [46]. These results validate the application of anti-amyloid compounds as
therapeutic strategies to maintain β-cell function in patients with T2D.

3. The endoplasmic reticulum

3.1. Physiological role

Protein folding begins as the nascent polypeptide chain is co-translationally translocated
through the ER membrane into the ER lumen. The unique environment of the ER lumen allows
for both oxidative protein folding and post-translational modification such as glycosylation
and disulfide bond formation, and accounts for approximately one-third of all proteins in
eukaryotic cells. Since ER is mainly associated with protein synthesis, if the protein is not
properly folded/maturated, it will remain in the ER and will eventually be degraded without
reaching its normal cellular site of action [47]. This sophisticated supervision carried by the
ER is regulated by sensitive quality control systems that can discriminate between the proper
folded proteins from the misfolded ones. For example, folding chaperones consist of a
considerable number of proteins that have the capacity to recognize properties common to
non-native proteins, such as exposed hydrophobic areas and in most cases through the
expenditure of ATP [48]. Thus, chaperones have the role of correctly folding and assembling
secreted proteins, aiding oligomerization, and performing post-translational modifications
[49]. The other quality control system is the ubiquitin-proteasome system (UPS) in which
irreparably damaged proteins are identified and sorted for degradation. This system is
responsible for the clearance of intracellular misfolded and aggregated proteins [50]. Many
stimuli can disrupt this process, and its failure can give rise to the malfunctioning of living
systems leading to the development of an increasing number of disorders, including Parkin‐
son, AD, Huntington, and T2D [51].
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3.2. ER stress and the unfolded protein response

Some situations (oxidative stress, energy deprivation, metabolic challenge, or inflammatory
stimuli) can represent a major problem for the cell due to a probable production of unfolded
or misfolded proteins. These physiological and pathological conditions may interfere with
protein maturation and trafficking processes, leading to the accumulation of unfolded and/or
misfolded proteins.

A complex homeostatic mechanism known as the unfolded protein response (UPR) has
evolved linking the load of newly synthesized proteins with the capacity of the ER to mature
them. The UPR works as a multifaceted strategy to protect the integrity of the ER and the
associated functionality of the secretory pathway. In mammalians, the first response consists
in attenuating the translation of most peptides, followed by an induction of ER chaperone
translation that promotes the correct folding [52] and finally, the activation of the ER-associated
degradation (ERAD), in which misfolded proteins are retrotranslocated from the ER lumen to
the cytosol and degraded by the ubiquitin-proteasome [52, 53]. Conversely, if this mechanism
of adaptation and survival fails to relieve ER stress, a continued accumulation of misfolded
proteins takes place within the ER, and consequently UPR will generate pro-apoptotic signals
to eliminate the diseased cell [52].

In mammals, the UPR consists of three main classes of proteins that act as sensors of ER stress:
inositol-requiring enzyme 1 (IRE1), double-stranded RNA-activated 9 protein kinase RNA
(PKR)-like ER kinase (PERK), and activating transcription factor 6 (ATF6) (Figure 3). Despite
the difference, each of these proteins activates different signaling pathways and activates
transcription factors that mediate the induction of several ER stress genes. IRE1 is considered
a central regulator of the ER stress signaling and plays an important role in protein biosyn‐
thesis. Under non-stressed conditions, IRE1 remains in an inactive monomeric form. Upon
accumulation of unfolded proteins, IRE1 is activated and released by the binding immuno‐
globulin protein or BiP, an endogenous chaperone located in the lumen of the ER that binds
newly synthesized proteins and helps them through the process of folding and maturation.
Subsequently, IRE1 activates a transcription factor named X-box-binding protein (XPB1),
which once translocated into the nucleus initiates several transcriptional programs that
upregulate UPR-associated genes. In a similar way, once chaperone BiP releases from its
interaction with PERK, PERK is able to dimerize, promoting autophosphorylation and
activation [54]. Once activated, PERK phosphorylates eukaryotic initiation factor 2a (elF2α),
its only recognized target. Once activated, elF2α leads to a rapid reduction in the number of
proteins entering the already overwhelmed ER [55]. However, in some circumstances, other
transcription factors such as activating transcription factor 4 (ATF4) are translated and
modulate the expression of C/EBP homologous protein (CHOP). CHOP acts by inducing
apoptosis [56]. A major mediator of transcriptional induction by ER stress is the basic leucine
zipper domain transcription factor ATF6. This protein is also regulated not only by BiP but
also by intra- and inter-molecular disulfide bridges which are thought to keep ATF6 inactive
[57, 58]. In response to ER stress, BiP is released from ATF6 and disulfide bonds are reduced,
which eventually target the expression of transcription chaperones, upregulation of XBP1, and
transcription of elements of the ERAD (Figure 3).

The Role of Human IAPP in Stress and Inflammatory Processes in Type 2 Diabetes 7249



Figure 3. Branches of the UPR and inflammation signaling pathways. The three sensor-transducers of the UPR are ino‐
sitol-requiring protein-1 (IRE-1), PERK, and ATF6. These three sensor-transducers determine the state of unfolded pro‐
teins in the ER lumen. If persistent, NF-κβ and JNK become activated, leading to inflammation and apoptosis.

3.3. Link between ER stress and apoptosis

A growing number of studies implicate ER stress with β-cell death during the evolution of
T2D [59, 60]. Several physiological, environmental, and genetic factors can provoke alterations
in ER homeostasis leading to a state of stress. Evidences suggest that a continuous increase in
insulin biosynthesis might overwhelm the folding capacity of the ER, leading to a chronic state.
As a consequence, the UPR signaling pathways are triggered with the objective of maintaining
β-cell function and promoting β-cell survival. In general, cells have the capacity to adapt to
substantial ER stress, but if the ER stress is too severe and long-standing, the UPR-mediated
efforts ultimately fail and the apoptotic pathway is activated in order to protect the organism
by eliminating damaged cells (Figure 3). At least, three parallel pathways are involved in the
stress-mediated apoptosis: activation of CHOP (recognized as a key mediator of apoptosis in
ER stress), activation of IRE1–JNK pathway, and activation of caspase 12 [61, 62]. β-Cell
apoptosis is also observed in human pancreatic sections and post-mortem islet grafts in
correlation with amyloid deposition levels [6, 63, 64].

As previously discussed, ER stress-mediated apoptosis is exacerbated in rodent β-cells
expressing hIAPP in β-cells, leading to a reduction of β-cell mass [39]. In addition, extracellular
hIAPP aggregation is associated with ER stress, contributing to β-cell apoptosis [40, 65].
Nevertheless, in a rat pancreatic β-cell line overexpressing hIAPP, the detection of toxic
intracellular oligomers, which lead to defective insulin and IAPP secretion levels in response
to glucose, did not change the expression of genes involved in ER stress and apoptosis was
not induced [36]. These results agree with other findings with hIAPP transgenic mice, in which
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the authors demonstrated that amyloid formation was not associated with significant increases
in the expression of ER stress markers [66]. As discussed elsewhere, the discrepancy in these
results may be explained by differences in the ratio of IAPP and insulin produced by the
different models used in vitro and in vivo, ranging from low to significantly high levels of
hIAPP [67].

4. ER stress and inflammation

The three branches of UPR response can trigger inflammatory signals through different
branches that converge in signaling pathways involving c-Jun N-terminal kinases (JNKs) and
the nuclear factor κ-light-chain-enhancer of activated B cells (NF-κβ). JNK is considered to
play an important role in ER stress in mouse models of diabetes. For instance, an increase in
JNK activity promotes insulin resistance in peripheral tissues and in pancreatic β-cells without
affecting cell viability [68]. The importance of the JNK pathway in stress has also been observed
in knock-out (KO) mice where suppression of the JNK pathway protects β-cells against
oxidative stress induction [69].

The pathway of the UPR involving IRE1 can, by different mechanisms, trigger an inflammatory
signaling pathway through the activation of JNK (Figure 3) [70]. In addition, through multiple
mechanisms, both the IRE1 and PERK pathways can also lead to the activation of the NF-κβ
pathway, which also plays a critical role in the induction of multiple inflammatory mediators
and has been implicated in insulin resistance [60, 71]. ATF6 has also been linked to inflamma‐
tory signaling. Genetic and pharmacological inhibition of ATF6 significantly suppresses NF-
κβ activation, which can transcriptionally regulate many other inflammatory genes [72].
Activation of either JNK or NF-κB pathways in pancreatic β-cells has been reported to cause
increased expression of proinflammatory molecules that can act as mediators, such as inflam‐
matory interleukins 8 (IL8) and 6 (IL6), monocyte chemotactic protein-1 (MCP-1 or CCL2), and
the cytotoxin tumor necrosis factor-α (TNF-α), which may have a detrimental effect on cell
survival and function [73, 74]. Local chemokine and cytokine release can also contribute to the
inflammatory milieu, attracting host macrophages to the pancreatic β-cells, which further
propagate local inflammation [38, 75]. In addition, the NF-κβ pathway has been shown to
activate the NLRP3 inflammasome, a multiprotein, cytosolic molecular platform that controls
the activation of caspase 1, and the secretion of other proinflammatory cytokines such as
interleukin-1β (IL-1β) and interleukin 18 (IL-18) in metabolic stress [76]. Inflammation induced
by inflammasome-dependent proinflammatory cytokines may produce insulin resistance or
cause the death of pancreatic β-cells, leading to the development of diabetes [37, 77].

NLRP3 inflammasome formation is reported to be induced by a variety of compounds,
including hIAPP [37]. Oligomeric hIAPP has been shown to induce inflammasome activation
and subsequent production of IL-1β. This is supported by observations with a transplantation
model, in which hIAPP-expressing islets were transplanted into immunodeficient NOD-SCID
mice treated with and without the IL-1β receptor agonist (IL1Ra) [38]. In this study, IL-1Ra
was able to protect transplanted hIAPP-expressing islets from impaired glucose tolerance. Islet
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grafts expressing hIAPP contained amyloid deposits in close association with macrophages.
Moreover, early aggregates of hIAPP induced production of inflammatory cytokines and
chemokines, such as CCL2, TNF-α, IL-1α, IL-1β, chemokine (C–C motif) ligand 3 (CCL3), and
the chemokine (C–X–C motif) ligand 1, 2, and 10 (CXCL1, CXCL2, and CXCL10, respectively)
[38].

5. The role of hIAPP in ER stress, inflammation, and apoptosis

Multiple physiological and pathological conditions, including the accumulation of misfolded
proteins, such as insulin or hIAPP, are responsible for the loss of ER homeostasis in β-cells [6,
60].

5.1. Exogenous hIAPP induces ER stress and apoptosis in vitro

Several approaches have been applied to study amyloid toxicity in vitro; synthetic peptides,
corresponding to either fragments or the whole protein, have been useful attempt in defining
the amyloidogenic pathology. Several studies have reported that amyloid peptide is proficient
to induce cytotoxic cell death by external addition of synthetic hIAPP [32, 40, 78–80]. Although
the precise mechanism by which IAPP aggregates lead to β-cell death is still unknown, it has
been recognized that this aggregation is a concentration dependent on synthetic hIAPP in vitro.
Bailey et al. suggested a progressive increase in cell toxicity according to the initial peptide
concentration, as well as the time exposed for the process of IAPP fibrillation [34]. In addition,
Casas et al. demonstrated that extracellular hIAPP aggregation is associated with ER stress
responses in mouse β-cells, by an intracellular signaling that involves downstream inhibition
of the ubiquitin-proteasome pathway, contributing to β-cell apoptosis [40]. In line with these
studies, evidences have demonstrated that in aqueous solution, synthetic hIAPP spontane‐
ously forms β-sheets and aggregates, whereas synthetic rat IAPP does not [81, 82], and the
aggregation process seems to be extremely sensitive to amyloid concentrations [83].

5.2. Intracellular hIAPP

The mechanism by which amyloid oligomers and/or fibrils are formed within the β-cell is not
completely understood. For that reason, many attempts to express this protein in various
vectors and hosts have been designed. O’Brien et al. [84] were able to transfect fibroblast-like
cell line (COS-1) cells with vectors expressing amyloidogenic IAPP; however, those cells
containing amyloid fibrils were degenerated or dead when compared to rat IAPP overexpres‐
sion. Years later, the same group, with the effort to understand the mechanism by which
intracellular hIAPP causes cell death, demonstrated that in transfected COS-1 cells, the
accumulation of hIAPP initiates a cascade of intracellular signaling events that trigger the
apoptotic pathway [85]. However, this cell line was not expected to prevent such event due to
the lack of the cellular machinery needed for the processing and trafficking of immature IAPP,
such as secretory granules or the presence of prohormone convertases.
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Recent studies have also reported successful cloning and expression of recombinant hIAPP in
cultured mammalian cells. Several in vitro approaches allowed the successful expression,
purification, and characterization of the amyloidogenicity and cytotoxicity of the human
mature IAPP in sufficient amounts using, for example, the Lacl-T7 RNA polymerase-based
heterologous expression system for Escherichia coli. This E. coli expression system has been
shown to remove potential toxic proteins and, at the same time, generate high levels of
recombinant proteins [86]. Likewise, other studies were capable to clone the hIAPP full-length
peptide into not only COS-1 cells but also in rat insulinoma (RIN) and Chinese hamster ovary
(CHO) cells [87]. Nevertheless, when studies were performed in INS1E cells, a β-cell line with
all the equipment for the processing and regulation of IAPP, the expression of hIAPP by
adenovirus has not resulted in cell death unless hIAPP was high enough to cause impaired
proIAPP processing [88].

Furthermore, Soty et al. established an in vitro model in which INS1E cells were stably
transfected with hIAPP cDNA under the cytomegalovirus promoter (CMV). Under hIAPP
overexpression, these cells showed intracellular oligomers and a strong alteration of glucose-
stimulated insulin and IAPP secretion. Moreover, inhibition of insulin and secretion of IAPP
affected the activity of KATP channels, leading to an increased mitochondrial metabolism in
order to counteract the secretory defects of the β-cells [36]. Nevertheless, hIAPP-expressing
INS1E cells were able to completely restore insulin secretion and prevent ER stress upon
treatment with molecular (BiP and protein disulfide isomerase; PDI) and chemical (taurour‐
sodeoxycholic acid; TUDCA and 4-phenylbutyrate; PBA) chaperones [89]. Amelioration of
insulin secretion upon high glucose stimulation and prevention of β-cell death was further
confirmed by the same group using hIAPP transgenic mouse islets and molecular chaperone
PDI [90].

5.3. In vivo models of hIAPP overexpression

One of the most active research areas that have contributed substantially to our current
understanding of the molecular basis in a multifactorial disease such as T2D is the creation
and development of diverse animal models. Nowadays, in vivo studies of human pancreas
morphology are not possible by obvious ethical considerations, and the collective human
material comes from either autopsy or surgical resection from pancreatic cancer. It is interest‐
ing that apart from humans, the only species capable of spontaneously developing T2D are
non-human primates and cats; nevertheless, besides the cost of working with such big species,
these models not always progress toward T2D, making the use of these models not optimal
for research [91]. Studies performed with rodent models of diabetes are then greatly useful
and advantageous, especially regarding islet amyloidosis studies. As previously mentioned,
unlike the human IAPP, the rodent IAPP is not amyloidogenic due to the proline substitutions
in the 20–29 amino acid region. This lack of amyloid development in these models makes
impossible to assess the role of IAPP aggregation in islet physiology. Since only a limited
number of species spontaneously form islet amyloid, several groups have developed trans‐
genic mice strains choosing hIAPP as a model for islet amyloidogenesis [91].
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Nonetheless, some reports showed that the mere hIAPP overproduction did not lead to
amyloid formation or deposition despite elevated plasma concentration of hIAPP. Thus, other
factors beyond overexpression had to be involved in the mechanism of islet amyloid formation
since these mice were normoglycemic and normoinsulinemic (94–96). Islet amyloid was
reported in transgenic mice fed a diet high in fat. Verchere et al. [18] have shown that approx‐
imately 80% of male transgenic mice (<13 months old) presented amyloid deposits and were
always associated with severe hyperglycemia. In the case of hemizygous transgenic mice for
hIAPP, the treatment with growth hormone or dexamethasone induced small intra- and
extracellular amyloid deposits [92].

Another strategy used to overexpress hIAPP was to cross-bread hIAPP mice onto a mouse
with obese background (ob/ob) [19] or obese Agouti viable yellow (Avy/Agouti) [93]. These
mice developed amyloid formation and loss of β-cells, which was associated with progression
of diabetes (Figure 4).

Figure 4. Amyloid formation in hIAPP transgenic mouse islets in obese Agouti yellow mice. Amyloid staining of hI‐
APP Tg mice in (A) FVB background, Avy/Agouti background at (B) 16 weeks of age and (C) 22 weeks of age. Note the
presence of amyloid deposits in Avy/Agouti background as shown by Thioflavin S staining (unpublished data).

Moreover, it was found that female transgenic mice do not increase the occurrence of amyloid
when oophorectomized, suggesting a protective role of ovarian hormones in islet amyloidosis.
In recent years, Butler et al. showed that transgenic β-cell expression of human proIAPP in rats
(HIP rats) that are homozygous for hIAPP develop diabetes within 5-10 months, together with
the presence of extracellular amyloid, decreased β-cell mass, and increased β-cell apoptosis
[94]. In addition, the loss of approximately 60% of β-cell mass at diabetes onset is comparable
to the loss observed in humans with T2D [1].

In conclusion, with a variety of transgenic hIAPP models, it has been possible to clearly
highlight that the process of islet amyloid formation is a complex event associated with a great
number of factors considered important in the pathogenesis of T2D.
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Abstract

Amyloidoses represent a highly heterogeneous group of diseases characterized by the
abnormal production and accumulation of abnormal, insoluble amyloid proteins in
various tissues leading to organ dysfunction. Light‐chain (AL) amyloidosis is the most
common form of systemic amyloidosis and is characterized by extracellular deposi‐
tion of pathologic insoluble fibrillar proteins in organs and tissues. Primary systemic
AL amyloidosis (AL) arises from the production of abnormal immunoglobulins (Igs) by
clonal plasma cells, such as those associated with the plasma cell dyscrasia multiple
myeloma (MM). AL amyloidosis can affect a wide range of organs, most commonly the
kidneys, and consequently presents with a range of symptoms. Currently, the most
effective treatment is autologous bone marrow transplants with stem cell rescue, but
many  patients  are  too  weak  to  tolerate  this  approach  and  are  ineligible.  Novel
therapeutic  strategies  recently  used  include  forms  of  chemotherapy  and  targeted
therapy similar to those used to treat MM. As a single agent, the proteasome inhibitor
bortezomib has notable activity in selected populations of patients with relapsed AL.
Here, we discuss recent advances using proteasome inhibitors to improve the outcome
of AL amyloidosis patients.

Keywords: Amyloid, light chain, plasma cell, proteasome inhibitor, bortezomib

1. Introduction

Light‐chain amyloidosis (AL) is a dyscrasia of clonal origin that results in amyloid fibril
deposition within vital organs leading to their progressive dysfunction and ultimately death.
The precise molecular events that lead to AL amyloidosis are poorly understood and treat‐
ment options based upon the biology of disease that improve patient survival are limited. AL
amyloidosis is frequently a challenge to diagnose because of its broad spectrum of symptoms.
Clinical manifestations include nephrotic‐range proteinuria, hepatomegaly, congestive heart
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failure (CHF), and autonomic and sensory neuropathy. Diagnostic advances include develop‐
ment of a serum‐free light‐chain assay, cardiac magnetic resonance imaging (MRI), and serologic
cardiac biomarkers. Treatment advances include the inclusion of the proteasome inhibitor
bortezomib. Here, we discuss current and emerging treatment strategies, many focused on
proteasome inhibitors, that have evolved or are evolving to prolong survival and preserve organ
function in patients with this disease. Finally, we discuss emerging strategies designed to
eradicate the clonal cell of origin that may provide further clinical benefit for AL amyloidosis
patients.

2. Targeting the ubiquitin + proteasome system in AL amyloidosis

Protein degradation is a highly complex, temporally controlled, highly regulated process that
maintains proteostasis in eukaryotic cells [1–5]. In normal and transformed cells, protein
degradation pathways fulfill an essential role to maintain many critical pro‐survival path‐
ways [1]. Studies by Schoenheimer [1] in the 1930s described the dynamic turnover of
individual cellular proteins. Subsequently, it was shown that protein half‐lives required
energy, in the form of ATP, and that the half‐lives of individual proteins varied widely within
mammalian cells2. Previously, the lysosome had been considered the central site of intracel‐
lular proteolysis [3]. Discovery of the small polypeptide protein ubiquitin (Ub) followed as
well as experiments demonstrating that Ub is covalently conjugated to target proteins to direct
their proteasomal degradation then greatly advanced understanding protein degradation
(Figure 1) [4, 5]. Ub is covalently linked to protein targets in three sequential steps to target
proteins to direct their rapid, ATP‐dependent proteasomal degradation. In the first step, Ub
is activated by an enzyme referred to as E1. Ub is then transferred from E1 to an E2 Ub‐
conjugating enzyme, and an isopeptide bond is formed between a lysine residue on the
substrate target and the carboxy‐terminus glycine of the Ub moiety. E3 Ub protein ligases then
recognize Ub‐conjugated target proteins [4, 5].

The vast majority of intracellular proteins are degraded by proteasomes in eukaryotic cells.
The 26S proteasome is high‐molecular‐weight, ATP‐dependent structure that consists of a
20S catalytic core particle (CP) capped at the ends by 19S regulatory particles (RP) (Figure 2)
[6–10]. The proteasome serves as the catalytic core of the Ub‐proteasome system (UPS) to
degrade short‐lived and denatured proteins and was the first component of the Ub‐protea‐
some pathway to be targeted therapeutically. Bortezomib is a selective, boron‐containing
reversible inhibitor of the proteasome that induces apoptosis in a number of different cancer
cells. Bortezomib is a potent small molecule that binds reversibly to the proteasome β‐5 subunit
to inhibit the chymotryptic‐like (Ct‐L) activity (Figure 3). The anti‐tumor effect of bortezo‐
mib was evident in a multitude of cell lines and xenograft models from different cancer
types [11–15], including malignant plasma cells. Bortezomib has demonstrated substantial
benefit in monotherapy or in combinations that induce chemo‐ or radiosensitization [11].
Federal Drug Administration (FDA)‐approval of bortezomib (Velcade, Millennium‐Takeda
Oncology Co., Cambridge, MA) represented a major advance in the treatment of MM [11, 12].
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Bortezomib is the first proteasome inhibitor to change the natural history of a hematologic
malignancy. However, clinical efficacy in the treatment of solid tumors has not been achieved.

Figure 1. Schematic representation of the Ub + proteasome system. The UPS pathway for protein degradation in eu‐
karyotic cells comprises: (1) a series of enzymes [E1, activation; E2, conjugation; E3, ligation] that covalently modify
proteins with a polyubiquitin tag for recognition and targeted degradation and (2) the 26S proteasome, a 2 MDa multi‐
catalytic enzyme complex that hydrolyzes the polyubiquitin‐tagged proteins into short polypeptides, typically seven
to nine amino acids in length. The proteasome degrades unwanted proteins by recognizing specific polyubiquitin tags
covalently attached to these proteins. Inhibition of the proteasome catalytic core by bortezomib leads to the unwanted
accumulation of ubiquitinated proteins and culminates in apoptosis.

Figure 2. Subunit organization of the 26S proteasome. The 26S proteasome is a eukaryotic ATP‐dependent, dumbbell‐
shaped protease complex with a molecular mass of approximately 2000 kDa. It consists of a central 20S proteasome,
functioning as a catalytic machine, and two large V‐shaped terminal modules, having possible regulatory roles, com‐
posed of multiple subunits of 25–110 kDa attached to the central portion in opposite orientations. Shown are the 20S
proteasome catalytic particles (CP) and the 19S regulatory particles (RP). The 19S regulator is bound to either one or
both ends of the 20S proteasome and stimulates hydrolytic activity of the 20S proteasome. The 19S RP enables ATP‐
dependent degradation of ubiquitinated proteins and supports elevated peptidase activity but not ubiquitin‐conjugate
degradation.
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Figure 3. The 20S proteasome CP houses three pairs of catalytically active subunits, β1, β2, and β5, that exhibit protein
substrate cleavage preferences referred to as caspase‐like (C‐L), trypsin‐like (T‐L), and chymotrypsin‐like (CT‐L), re‐
spectively, and which work in concert to degrade protein substrates. Substrate hydrolysis by the 20S CP commences
with recognition of amino acid side chains by sequential binding pockets proximal to the proteolytic active site. Borte‐
zomib forms a reversible, non‐covalent adduct at the active site of the β‐5 subunit. Carfilzomib has irreversible binding
properties for the same active site of the β‐5 subunit. Marizomib is a β‐lactone‐γ‐lactam that binds slowly with sus‐
tained inhibition of the proteasome β‐1, β‐2, and β‐5 active sites.

The aim of current treatment strategies for AL is to inhibit production of insoluble amyloido‐
genic immunoglobulin light‐chain fragments and ultimately restore organ function [16–18].
AL and MM are both clonal plasma cell dyscrasias and, therefore, AL treatment is typically
based on therapies that have shown efficacy in MM [19, 20]. The depth of hematologic response
and complete response (CR) has been linked with improved organ function in AL patients and
improved overall survival (OS) in MM [21–23]. Intensive therapy with high‐dose melphalan
and stem cell transplantation has been shown to be highly effective in AL, but a risk‐adapt‐
ed strategy may be needed to reduce mortality and toxicity [24, 25]. In addition, similar to MM,
side effects with treatment are evident and drug resistance emerges even in patients that do
respond initially.

Second‐generation proteasome inhibitors offer a number of potential advantages over
bortezomib. The newer proteasome inhibitors may provide improved target specificity, safety,
tolerability, and the capacity to overcome bortezomib resistance (Table 1). Second‐genera‐
tion proteasome inhibitors include the recently FDA‐approved epoxyketone carfilzomib [26],
and agents in clinical development that include ONX‐0912 [27], Ixazomib (Ninlaro) [28]
(Millennium‐Takeda), Marizomib [29] (NPI‐0052), and CEP‐18870 [30] (Cephalon). In contrast
to bortezomib, carfilzomib is an irreversible proteasome inhibitor. Ixazomib is an orally
bioavailable reversible proteasome inhibitor that is immediately hydrolyzed to its active form,
MLN2238 after conversion in aqueous solutions. Ixazomib binds preferentially to the protea‐
some β‐5 active site to inhibit the chymotrypsin‐like activity. Ixazomib and CEP‐18770 are
reversible inhibitors of the proteasome Ct‐L activity that exhibit inhibitory activity compara‐
ble to bortezomib. The differences improved anti‐tumor activity.
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Inhibitor  Structural

Class

Inhibitor

Type

inhibited

Activity Stage of

Development

Route of

administration

Bortezomib

(Millennium)

Peptide‐ boronic acid R Ct‐L FDA‐approved

Immuno

IV

Carfilzomib (Onyx) Tetrapeptide

epoxyketone

I Ct‐L FDA‐approved IV

MLN9708

(Millennium

Peptide boronic acid R Ct‐L Phase I IV/po

Marizomib (Nereus) β‐lactone‐ γ‐lactam I Ct‐L, Tryptic,

Caspase‐like

Phase Ib IV

ONX‐0912 (Onyx) Peptide epoxyketone R Ct‐L Phase I IV/po

Cep‐18870

(Cephalon)

Peptide‐ >boronic acid R Ct‐L Phase I–III IV/po

R = reversible, I = irreversible; Ct‐L = chymotryptic‐like; Immuno = immunoproteasome, IV = intravenous; po = oral

Table 1. Agents to target the proteolytic activities within the proteasome complex.

Carfilzomib is a tetrapeptide epoxyketone that also irreversibly inhibits the Ct‐L activity of
proteasomes [31–36]. Carfilzomib yields a more sustained inhibition compared to bortezo‐
mib and has been shown to promote cell death in bortezomib‐resistant cells. ONX‐0912 is an
orally bioavailable analog of carfilzomib that has been investigated in early phase trials to
study the effect on solid tumors. ONX‐0912 irreversibly inhibits β‐5 activity and in xenograft
models was shown to reduce tumor growth and prolong survival. ONX‐0914 is an immuno‐
proteasome‐specific inhibitor with potential to treat both cancers and autoimmune diseases.
Marizomib (NPI‐0052) irreversibly inhibits the β‐5 subunit and is a natural β‐lactone derived
from Salinospora tropica. Marizomib inhibits the major catalytic activities (Ct‐L, tryptic‐like, and
caspase‐like) of proteasomes which may yield a long‐term benefit to preclude resistance
(Figure 3). Thus, the benefit of second‐generation proteasome inhibitors may be due to their
ability to act as irreversible inhibitors and to inhibit multiple active sites within the proteasome.

3. Clinical evaluation of proteasome inhibitors for AL amyloidosis
treatment

Intensive therapy with high‐dose melphalan (a chemotherapy drug belonging to the class of
nitrogen mustard alkylating agents) and stem cell transplantation (SCT) have been com‐
bined as a regimen (MEL‐SCT) and used as an effective therapy in AL amyloidosis. MEL‐SCT
is used as a risk‐adapted approach that is necessary to minimize treatment‐related mortality
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(TRM). Therefore, up to 82% of persons with AL amyloidosis may be ineligible for MEL‐SCT
based upon age, performance status, and severity of cardiac involvement. Wechalekar et al.
[37] reported preliminary observations with bortezomib and demonstrated its effectiveness in
a heavily pre‐treated population, with an 80% hematologic overall response (OR) rate,
including 15% hematologic CR rates. A subsequent phase I/II study of single agent bortezo‐
mib in relapsed/refractory aL amyloidosis showed excellent tolerance to both once‐ and twice‐
weekly [38]. Importantly, the median time to response in the twice‐weekly arm was only 0.7
months. One‐year hematologic response rates were 72.2 and 74.6%, one‐year response rates
were 93.8 and 84.0%, and one‐third of patients exhibited a CR. The median OS was 61.1
months [39]. Rates of neuropathy were as high as 35% in the twice‐weekly, with 9% rate of
discontinuation and 6% rate of dose reductions.

Deregulating the ubiquitin‐proteasome pathway may affect the heart, causing plaque
instability, altered intracellular signal transduction resulting in decreased myocardial
cytoprotection, desensitization of adrenergic receptors, and accumulation of unfolded proteins
impairing cardiac function [40]. Although cardiac toxicity was described in small series, case
reports, and clinical trials, subsequent meta‐analysis did not support an increase in cardio‐
toxicity in multiple myeloma (MM) [41]. Early sudden death has been described in amyloid
cardiomyopathy in persons treated with bortezomib. The Greek and UK groups demonstrat‐
ed increased rates of early cardiac death in those treated with bortezomib, when compared to
lenalidomide [42, 43]. However, sudden death is not uncommon in advanced amyloid
cardiomyopathy. Since bortezomib typically has a shorter time to hematologic response, it is
used more frequently than lenalidomide in advanced cardiac amyloidosis. Therefore,
increased rates of sudden death may be related to patient selection, rather than a class effect
from proteasome inhibitors.

Since bortezomib demonstrated such great promise, several studies explored the clinical
efficacy in triplets, including cyclophosphamide, bortezomib, and dexamethasone (CyBorD).
These retrospective studies reported on 17 and 43 patients, with hematologic response rates
of 81–94% and hematologic CR rates of 39.5–71.5% [44, 45]. At least half of the patients had
symptomatic cardiac involvement and many had a cardiac‐specific response. However, a
retrospective study from the UK demonstrated poorer outcomes than the two aforemen‐
tioned studies [46]. Of 230 patients, a hematologic response rate was 60%, which decreased
to 42% in those with advanced cardiac stage III patients. Cardiac response was achieved in
only 17% of patients. Unfortunately, CyBorD is associated with grade 3 and grade 4 toxici‐
ties in 50% of patients.

Bortezomib has been combined with melphalan and dexamethasone, possibly with more
promising outcomes than CyBorD (Table 2). A prospective, multi‐center phase II trial of
bortezomib, melphalan, and dexamethasone (VMD) in newly diagnosed or relapsed AL
amyloidosis showed hematologic response rates of 94%, with CR of 38%. However, this was
a small trial and 52% of patients required dose reduction despite an excellent performance
status, questioning whether such an impressive response can be replicated off trial [47]. A
subsequent phase I trial demonstrated improved safety and greater tolerability [48]. Using
prospectively collected data, the Pavia group demonstrated higher response rates with VMD,
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when compared to CyBorD (p=0.033) or melphalan/dexamethasone alone (p = 0.010) [49].
While the exposure to upfront bortezomib is associated with longer OS, a difference be‐
tween CyBorD and VMD could not be detected. A bortezomib/dexamethasone backbone is
necessary in persons ineligible for melphalan‐stem cell transplantation (MEL‐SCT), and it is
not clear whether melphalan or cyclophosphamide should be added. The addition of melpha‐
lan is supported with more prospective data, but higher cumulative doses are associated with
leukemia, and melphalan should be avoided in persons who are borderline candidates for
autologous stem cell transplantation.

Regimen Type of

Study

Patients Population

Size

ORR (%)  CR (%) Dose Adjustment/

discontinuation (%)

BD36 Retrospective R/R 18 94 44 61

BD27 Retrospective R/R 20 80 15 40

BD43 Retrospective ND 18 81 47

BD43 Retrospective R/R 76 68 20

BD28 Phase I/II R/R 70 69 37.5 53

CyBorD34 Retrospective ND 17 94 71

CyBorD35 Retrospective ND, R/R 43 81 42

CyBorD36 Retrospective ND 230 60 23

VMD37 Phase I/II ND, R/R 30 94 38 52

VMD38 Phase I/II 9

ID40 Phase I R/R 22 53 11

KD41 Phase I R/R 12 77 0

AL = light chain; ORR = overall response rate; CR = hematologic complete response; BD = bortezomib/dexamethasone;
ND = newly diagnosed; CyBorD = cyclophosphamide/bortezomib/dexamethasone; VMD= bortezomib/melphalan/
dexamethasone; ID= ixazomib/dexamethasone; KD= carfilzomib/dexamethasone

Table 2. Proteasome inhibitors used in treatment regimens for AL amyloidosis.

The use of ixazomib in a phase I study in relapsed/refractory AL amyloidosis was reported
only in abstract form [50]. Of the 22 patients enrolled, 11 patients were previously treated with
bortezomib and 15 with cardiac involvement. Seventy‐seven percent were able to reach
maximum‐tolerated dose. A hematologic response was obtained in 53%, including 11% CR.
An organ‐specific cardiac response was seen in three of nine patients. The 2‐year OS was 57%,
up to 85% in proteasome inhibitor naïve patients. Tourmaline‐AL1, a phase III trial for
ixazomib/dexamethasone vs. physician's choice is currently ongoing and accruing patients.

Carfilzomib is another second‐generation proteasome inhibitor that is being investigated as a
potential treatment in AL amyloidosis. A phase I dose escalation study of carfilzomib in AL
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amyloidosis in a bortezomib‐exposed population enrolled 12 patients [51]. A hematologic OR
rate of 77% was reported and no dose‐related toxicity was noted in carfilzomib doses as high
as 36 mg/m2. However, three significant cardiac events were noted, including ventricular
tachycardia, grade 4 restrictive cardiomyopathy, and a grade 3 drop in the left ventricular
ejection fraction. Although promising, second‐generation proteasome inhibitors may not
provide significant long‐term benefit and overcome therapeutic resistance in refractory
patients. Numerous mechanisms of resistance have been proposed, for example, mutations of
PSMB5, upregulation of other proteasome subunits, alterations of gene and protein expres‐
sion in stress response pathways, induction of autophagy, and an increase in anti‐apoptotic
pathways as well as multidrug resistance pathways. Hence, a number of novel therapeutic
strategies for AL amyloidosis are under development [52, 53]. Currently, treatment choices
remain highly individualized and are dependent on a careful assessment of performance status
and organ function.

4. Targeting the clonal cell of origin as a treatment strategy for AL
amyloidosis

The incidence of AL amyloidosis is similar to that of Hodgkin's lymphoma and chronic
myelogenous leukemia (CML). Approximately 5–12 individuals/million/year are affected,
although autopsy studies suggest a higher incidence. Amyloidosis is a monoclonal plasma cell
disorder in which the secreted monoclonal Ig protein forms insoluble fibrillar deposits in one
or more organs. In nearly all cases, the deposits contain Ig light (L) chains or L‐chain frag‐
ments. AL is related to both MM and monoclonal gammopathy of undetermined signifi‐
cance (MGUS), a pre‐malignant condition that nearly uniformly precedes MM. These
monoclonal plasma cell disorders are categorized according to the total body burden of
monoclonal plasma cells. When this burden is large, the diagnostic criteria for MM are fulfilled;
when this burden is lower, MGUS is diagnosed. The plasma cell burden is typically low at 5–
10%, and in ∼10–15% of patients, AL amyloidosis occurs in association with MM.

5. Concluding remarks

While targeting proteostasis is a highly effective strategy to treat plasma cell dyscrasias such
as AL, more effective agents are needed to improve organ dysfunction and advance patients
to SCT. Moreover, similar to MM, high‐risk forms of disease exist which do not respond to
bortezomib and for those that do respond drug resistance eventually emerges. While the
explosion of novel agents with activity in MM holds promise for the care of patients with AL
amyloidosis, a commitment specifically to the clinical investigation of AL amyloidosis is
needed to improve patient outcomes. Therefore, there is an urgent and unmet need for more
effective therapeutic agents based upon the biology of the disease that increase patient
survival.
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Chapter 12

Amyloid Nephropathy: A Practical Diagnostic Approach
and Review on Pathogenesis

Paisit Paueksakon

Additional information is available at the end of the chapter
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Abstract

Amyloidosis comprises a group of protein-folding disorders in which extracellular
deposits  share  unique  Congo  red  staining  properties  and  fibrillary  ultrastructural
appearance. These fibrillary deposits ultimately cause tissue destruction and progres‐
sive disease. Amyloidosis can be either systemic affecting multiple organs or local‐
ized.  Renal  involvement  by  amyloidosis  (amyloid  nephropathy)  is  a  frequent
manifestation of systemic amyloidosis. Immunofluorescence, immunohistochemistry
(IHC), and more recently laser microdissection and mass spectrometry (LMD/MS) are
important techniques in typing of amyloid nephropathy. This in-depth review discusses
practical diagnostic approach and pathogenesis of amyloid nephropathy and includes
discussion of treatment and prognosis.

Keywords: amyloid nephropathy, light microscopy, immunofluorescence, immuno‐
histochemistry, electron microscopy, proteomics

1. Introduction

Amyloidosis comprises a group of protein-folding disorders in which extracellular deposits
share unique Congo red staining properties and fibrillary ultrastructural appearance [1]. These
fibrillary  deposits  ultimately  cause  tissue  destruction  and  progressive  disease.  Amyloid
consists of randomly arranged, nonbranching fibrils that measure 8–12 nm in diameter [1].
Amyloidosis is a rare group of diseases, with an estimated prevalence of 1: 60,000 [2]. In the
USA and Europe, amyloidosis derived from immunoglobulin (Ig) light chain (AL) secon‐
dary to plasma cell dyscrasia is the most prevalent form, followed by reactive AA amyloido‐

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



sis (AA) derived from serum amyloid A (SAA), which is typically associated with chronic
inflammatory conditions. This is in contrast to developing countries in Africa and Middle East
of Asia, where AA is much more common than AL [3–5]. Leukocyte chemotactic factor 2
amyloidosis (ALECT2), derived from leukocyte chemotactic factor 2 protein (LECT2), is newly
recognized as a common type of amyloid, with unknown etiology [6]. Familial amyloidosis is
diagnosed with increasing frequency with the use of new immunohistochemical studies and
mass  spectrometry  [7].  Amyloidosis  can  be  either  systemic  affecting  multiple  organs  or
localized.  Renal  disease  is  a  frequent  manifestation  of  systemic  amyloidosis  with  AL,
previously called primary amyloidosis, the most common type involving the kidney.

2. Amyloid nephropathy

The types of amyloid are categorized by the chemical composition of the proteins. There are
more than 25 precursor proteins identified as major proteins in amyloid deposition so far. A
large study from the Mayo clinic [8] showed that among 474 patients with amyloid diag‐
nosed by renal biopsies between 2007 and 2011, Ig-related amyloidosis (AIg) was the most
common form involving the kidney (85.9%), followed by AA (7.0%), ALECT2 (2.7%), fibrino‐
gen A α chain amyloidosis (AFib) (1.3%), apolipoprotein AI amyloidosis (AApo AI), apolipo‐
protein AII amyloidosis (AApo AII), or apolipoprotein AIV amyloidosis (AApo AIV) (0.6%),
AA/light and heavy chain amyloidosis (AHL) (0.2%), and unclassified amyloidosis (2.3%). AIg
in most cases is derived from fragments of monoclonal light-chain protein (AL). However, in
rare cases, AIg is derived from truncated Ig heavy chain and light chain (AHL) or isolated
truncated Ig heavy chain [8, 9]. AIg is associated with B-cell lymphoproliferative disorders
including multiple myeloma and plasma cell dyscrasia, B-cell lymphoma, and Walden‐
ström’s macroglobulinemia [8]. In contrast, AA is characterized by tissue deposition of serum
amyloid A protein, which is derived from an acute-phase reactant protein synthesized by the
liver [10]. AA is seen in conditions associated with chronic inflammation including rheuma‐
toid arthritis, ankylosing spondylitis, chronic draining infections (i.e., osteomyelitis, chronic
skin infections including decubitus ulcers, bronchiectasis, and chronic sinusitis), Crohn
disease, tuberculosis, and familial Mediterranean fever (FMF) [10]. Familial amyloidosis
comprises another group of amyloid that is now being diagnosed more frequently and includes
amyloid derived from transthyretins (TTR) [11], fibrinogen [12], lysozyme (Lys) [13], gelso‐
lin (Gel) [14], Apo AI [15], Apo AII [16], and Apo AIV [17]. ALECT2 nephropathy was first
described in 2008 [6, 18]. LECT2 is a chemotactic factor for neutrophils and has other physio‐
logic functions, including cell proliferation, immunomodulation, repair after injury, tumor
suppression, and glucose metabolism [6, 18]. ALECT2 is now the third most common type of
amyloid nephropathy in the USA and accounts for 2.5–2.7% of amyloid nephropathy cases [6,
18]. ALECT2 involves mainly in the kidney and liver but rarely involve other organs such as
spleen, adrenal, and myocardium [6, 18]. Type and precursor protein of amyloid nephrop‐
athy are summarized in Table 1.
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Amyloid precursor protein Amyloid type

Restricted light chain (lambda or kappa) AL

Ig heavy chain AH

Ig heavy and light chain AHL

Serum amyloid associated protein (SAA) AA

Leukocyte chemotactic factor type 2 (LECT2) ALECT2

Fibrinogen A-α chain AFib

Transthyretin (TTR) ATTR

Apolipoprotein A-I AApo AI

Apolipoprotein A-II AApo AII

Apolipoprotein A-IV AApo AIV

Gelsolin AGel

Lysozyme ALys

Table 1. Type and precursor protein of amyloid nephropathy.

3. Clinical features

The clinical features of patients with amyloidosis vary, depending on the varying predilec‐
tion of different types of amyloid for specific organ involvement. As described above, renal
involvement is a frequent manifestation of amyloidosis, more often in AIg nephropathy, AA
nephropathy, and some forms of familial amyloidosis [10, 12]. Amyloid nephropathy of any
type is more common in men than in women [8]. A large retrospective review of patients with
amyloidosis evaluated from 1981 to 1992 at the Mayo Clinic in Rochester, Minnesota, re‐
vealed 1315 patients, including 918 patients with AL amyloidosis (69.8%). Of these, 474 patients
had new-onset AL amyloidosis, including 69% men and 31% women with median age of
64 years [19]. At the time of diagnosis, about 17% of AL patients had either multiple myelo‐
ma or smoldering myeloma and about 16% had history of monoclonal gammopathy of
undetermined significance (MGUS). On presentation, about 51% of men and 47% of women
had renal failure, and about 73% of patients had proteinuria. The median 24-h urine protein
was 1.2 g/d and in the patients with full nephrotic syndrome, about a quarter of patients, the
mean 24-h urine protein excretion was 7.0 g/d. Serum protein electrophoresis (SPEP) re‐
vealed a monoclonal protein in about 48% of patients and when serum immunoelectrophore‐
sis was tested the percentage increased to about 72%. A monoclonal light chain was detected
in about 73% of the patients by urine immunoelectrophoresis or immunofixation, including
about 68% with lambda and about 32% with kappa. Overall, about 89% of the patients with
AL amyloidosis showed a serum or urine monoclonal spike (M spike).

Patients with AA nephropathy usually present at younger age than AL patients, whereas
ALECT2 is more common in older patients. ALECT2 nephropathy mainly affects patients of
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Hispanic or Mexican origin and rarely affects Caucasian patients, whereas AL and AA do not
show evident ethnic differences [6, 18]. As in AL amyloid, proteinuria is also the most common
clinical presentation in AA, ALECT2, and familial amyloid nephropathy [8]. Extrarenal
manifestations of amyloidosis include congestive heart failure caused by myocardial infiltra‐
tion by amyloid, orthostatic hypotension, bladder dysfunction, and dysesthesias caused by
amyloid infiltration into autonomic and peripheral nerves, lymphadenopathy, hepatomega‐
ly, splenomegaly, and macroglossia [18, 20]. The treatment and prognosis of amyloid nephr‐
opathy will be discussed below.

4. Molecular mechanisms and pathogenesis of amyloidosis

Misfolding of extracellular proteins has a prominent role in the molecular mechanisms and
pathogenesis of amyloidosis [21, 22]. The misfolded proteins are highly prone to self-aggre‐
gation. There are different mechanisms of formation of pathologic misfolded proteins [22]. The
first is based on intrinsic propensity of the protein to assume pathologic conformation, which
becomes more evident with aging. Examples of these mechanisms are evident when molecu‐
larly normal transthyretin misfolds in patients with senile systemic amyloidosis [22]. The
second way is due to alteration of the normal protein sequence, as seen with the replace‐
ment of a single amino acid in protein, e.g., in AL and familial amyloidosis [22]. Only a small
portion of Ig light chains is amyloidogenic; thus, AL nephropathy occurs only in about 12–15%
of the patients with multiple myeloma [23]. The amyloid fibrils in amyloid nephropathy consist
of either intact light chains containing the variable and constant domains or solely the variable
domains, which contains the N-terminus portion of the light-chain molecule. The VλVI
subgroup of the light chain preferentially leads to amyloid formation in patients with AL
nephropathy [23, 24]. Therefore, it appears that germ line sequences, which enhanced near the
N-terminus of the lambda light chain and in the VλVI of the light chain may be prone to
mutations that generate amyloidogenic light chains. These altered proteins lead to destabili‐
zation of light chain and increase the likelihood of fibril formation [25]. In familial amyloido‐
sis, such as Transthyretin-related hereditary amyloidosis (ATTR) and Lysozyme-related
amyloidosis (ALys), the substitution of a single amino acid transforms a normal protein into
an amyloidogenic protein [26, 27]. The unstable protein produced by amino acid substitu‐
tion may allow the protein to precipitate when stimulated by the local physicochemical milieu,
such as local surface pH, electric field, and hydration forces on the cellular surfaces [22]. A
third mechanism contributing to amyloid formation is proteolytic remodeling of the protein
precursor, as seen in Alzheimer’s disease, in which the fibrils are composed of proteolytic
fragments of 39–43 residues derived from 753-residue β-amyloid precursor protein (APP) [28].
This type of amyloid does not affect the kidney. In addition, excessive concentration of
amyloidogenic protein due to unregulated production of high local concentration can promote
amyloidosis [29]. When the protein precursor reaches a critical point of local concentration, it
triggers fibril formation. This mechanism is enhanced further by environmental physicochem‐
ical factors and interaction with extracellular matrix. This mechanism may occur in AA
amyloidosis associated with chronic inflammatory conditions or familial Mediterranean
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fever [30]. The excessive concentration of amyloidogenic protein may also be caused by
decrease in clearance from the body; e.g., Beta-2 microglobulin associated amyloidosis (Aβ2M)
develops in end-stage renal disease patients who received long-term dialysis because of
ineffective clearance of β2M from circulation during dialysis or due to inability of the body to
destroy the accumulation by natural mechanism [31]. Regardless of mechanism of misfold‐
ing, the misfolded proteins are prone to self-aggregate, generating protofilaments that interact
to form fibrils [22].

In AL nephropathy, amyloid formation in the kidney first begins in the mesangium. The
specific uptake of light-chain protein by mesangial cells underlies the predominant kidney
tropism and is an important step in amyloid fibril formation. There are several factors that
might promote or decelerate amyloid deposition in glomeruli, including the negative ion
charge and the high concentration of glycosaminoglycan of the glomerular basement mem‐
branes with the presence of enzyme proteases that could render protein amyloidogenic [32].
Mesangial cells are modified smooth muscle cells, which have phagocytic activity [33]. Upon
interaction with light-chain proteins, the light-chain proteins are avidly internalized and
delivered to the primary lysosomes where the amyloid fibrils are primarily formed [34].
During this process, the mesangial cells transform into a macrophage phenotype with
prominent primary lysosomes, making them more capable of processing of internalized
amyloidogenic light-chain proteins and fibril formation [34]. The amyloid deposition within
the mesangium further stimulates metalloproteinase enzymes, causing mesangial matrix
degradation, inhibiting transforming growth factor β (TGF-β) and thus impairing mesangial
matrix repair [33, 35] and increasing apoptosis, finally leading to significant mesangiolysis and
replacement of the mesangial area by amyloid deposits [36]. These changes result in the
absence of mesangial argyrophilia and significant mesangial cell deletion in the advanced stage
of glomerular amyloidosis [34].

LECT2 has multiple functions including as a cytokine involved in chemotaxis of neutrophils
and a growth factor involved in cell proliferation and regulation of repair after injury,
immunomodulation, tumor suppression, and glucose metabolism [37]. The pathogenesis of
ALECT2 is not well understood, but may be due to increased synthesis of LECT2 by hepato‐
cytes or secondary to hepatocellular damage or involve interference, possible due to genetic
defect, in the LECT2 catabolism or LECT2 transportation, which may give rise to local LECT2
tissue concentration and finally lead to amyloid fibril formation [6, 18, 37].

The normal plasma protein serum amyloid P component (SAP), a glycoprotein that belongs
to the pentraxin family, independently binds to fibrils in all types of amyloid and contrib‐
utes to pathogenesis of amyloidosis [38]. SAP is highly protected against proteolysis, and a
binding of SAP to amyloid fibrils in vitro protect them from proteolytic enzymes and
degradation by phagocytic cells. Moreover, SAP is a stubborn glycoprotein that can persist
within human amyloid deposits for prolonged periods and is completely unmodified with
respect to circulating SAP [38]. It is suggested that SAP may contribute to the failure to clear
amyloid deposition in vivo, leading to tissue architecture destruction and organ dysfunction.

Furthermore, amyloid can be deposited in multiple organs, and this tendency might depend
on several physicochemical factors, such as high concentration of local protein, low pH,
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presence of proteolytic processing, and seeding of protofilaments [22]. The amyloid deposits
cause tissue architecture destruction, presumed to cause organ dysfunction [22]. Further‐
more, the amyloidogenic precursor proteins, folding intermediates, and protofilaments have
toxicities independent of the amyloid deposits and these toxicities can also contribute to
disease manifestations [39].

5. Gross findings

Postmortem examination of patients with amyloidosis generally shows enlarged kidneys,
unlike other causes of chronic kidney disease (CKD) where kidneys are small and shrunken.
In addition, cut surfaces of kidney in patients with amyloid nephropathy are pale, firm, waxy,
and flat [38] (Figure 1a), which are different from the normal kidney or the kidney in the
patients with CKD (Figure 1b), which bulges slightly causing in slight curvature of the cut
surfaces.

Figure 1. At autopsy of a patient with amyloid nephropathy, the kidney is enlarged and pale with waxy and flat cut
surface (a, arrow), which is different from the kidney in a patient with chronic kidney disease with a simple cyst,
which bulges slightly (arrow) resulting in slight curvature of the cut surfaces (b).
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6. Histologic diagnosis and identification of amyloid

6.1. Light microscopy

The light microscopic (LM) findings of amyloidosis are identical regardless of the type of
amyloid. Glomerular amyloid deposition begins with progressive accumulation of acellular
amorphous eosinophilic material (cotton candy appearance) on hematoxylin and eosin (H&E)-
stained sections (Figure 2) that appear pale with the periodic acid Schiff (PAS) stain
(Figure 3a and b). In the advanced stage, the mesangial matrix is extensively replaced by
acellular amorphous material exhibiting uniform expansion with compression of the capilla‐
ry spaces and occasional nodular formation, resembling diabetic nephropathy or monoclo‐
nal immunoglobulin deposition disease. The nodular pattern is seen more frequently in AA
nephropathy. The amyloid deposits are paler on PAS stain than the Kimmelstiel-Wilson
nodules in diabetic nephropathy, or deposits in light-chain deposition disease or fibrillary
glomerulonephritis. Further, fibrillary glomerulonephritis typically is proliferative, with
increased cellularity seen by light microscopy. The amyloid deposits stain weakly or are
negative with Jones methenamine silver stain (JMS) and appear as negative defects in the
expanded mesangium and thick glomerular basement membranes (Figure 4a and b).
Occasionally, there is a focal parallel alignment of amyloid fibrils in the subepithelial zone that
results in focal capillary wall spikes, which are best visualized by JMS (Figure 5). These spikes
are focal, closely clustered, and longer than the typical spikes of membranous nephropathy.
The focal clusters of spikes may resemble feathers, so-called feathery spikes. Amyloid feathery
spikes are more common in AL than AA or familial amyloidosis [7]. Rarely crescent forma‐
tion can be seen in both AA and AL [7], indicating glomerular basement membrane breaks,
the injury that triggers crescent formation, can occur. Vascular involvement by amyloidosis is
common, frequently involving arteriolar walls, followed by arteries, peritubular capillaries,
and veins. In rare cases, particularly in AL or in ATTR nephropathy, the vessels are the only
part in the kidney where amyloid is demonstrated. Interstitial amyloid deposition is seen in
about 50% of cases but is present in most cases of ALECT2 nephropathy (Figure 6). Glomer‐
ular involvement is not extensive in ALECT2 and apolipoprotein AI (AApo AI/), AII
(AApoAII), and AIV (AApoAIV) nephropathy in comparison with other types of amyloid. In
addition, the histology of AFib nephropathy is very characteristic, showing glomerular
enlargement with near-total replacement of the glomeruli by amyloid, with little or no vascular
or interstitial involvement [10]. Special IF and immunohistochemistry (IHC) together with
mass spectrometry analyses are typically used to identify the type of amyloid (see below).
However, potassium permanganate treatment prior to Congo red staining has been used to
distinguish between AA and AL nephropathy: after this treatment, birefringent Congo red
staining is lost by AA but retained by AL. This technique is not commonly used and has been
replaced by more specific SAA immunohistochemistry (IHC).

Amyloid is defined by its tinctorial characteristics, which include Congo red positivity
(orange, salmon pink, or pale rose staining, Figure 7). The Congo red stain gives apple-green
or traffic light green birefringence under polarized light (Figure 8). The mesangial expan‐
sion can be focal and may be segmental, global, or even nodular. However, the degree of
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proteinuria does not correlate with the amount of amyloid deposition; as a result, cases with
early amyloidosis with scant and segmental amyloid deposition can be mistakenly diag‐
nosed as minimal change disease if no Congo red stain, immunofluorescence (IF) and electron
microscopy (EM) is performed. To demonstrate small amounts of amyloid deposits in tissue
sections, it is recommended that the sections be cut thicker than normal (6 μm, instead of
customary 2 μm) [40]. Proper detection of apple green birefringence depends on the intensi‐
ty of the transmitted light and, thus, a strong light source is strongly suggested to maximize
results. In early amyloidosis with small amounts of amyloid, it might be difficult to demon‐
strate Congo red positivity. Therefore, an alternative way of identifying a small amount of
amyloid deposits by Congo red stain is to place the stained section under fluorescent light;
amyloid then is bright red [41] (Figure 9). Of note, false positivity may result from overstain‐
ing, and this technique is not specific for amyloid. Thus, amyloid must be confirmed by apple
green polarization, immunofluorescence, IHC, and/or electron microscopy. An alternative
option to demonstrate amyloid deposits in cases with no paraffin embedded tissue available
is to perform Congo red stain on frozen tissue (Figure 10). This technique is more sensitive
than a Congo red stain performed on paraffin embedded tissue from our experience. Of note,
positive controls should then, of course, also be performed on frozen tissues.

Figure 2. In amyloid nephropathy, there is extensive mesangial expansion by amorphous eosinophilic acellular materi‐
al (“cotton candy” appearance), which segmentally extends to the glomerular capillary loops (H&E stain, original mag‐
nification ×400).

Exploring New Findings on Amyloidosis288286



(b)

Figure 3. In amyloid nephropathy (a), mesangial areas are globally expanded by weak PAS positive acellular deposits
(arrow) in comparison to a glomerulus (b) in normal kidney biopsy (PAS stain, original magnification ×400).
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(b)

Figure 4. In amyloid nephropathy (a), mesangial amyloid deposits are nonargyrophilic (silver negative, arrow) in com‐
parison with a glomerulus in the normal kidney biopsy (silver positive, b) (JMS stain, original magnification ×400).
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Figure 5. Feathery spikes (arrow) are a characteristic features of amyloid nephropathy seen on JMS, and are seen more
frequently in AIg than other forms of amyloid nephropathy (JMS stain, original magnification ×400).

Figure 6. ALECT2 amyloid nephropathy with intense interstitial amyloid (arrow) seen by immunohistochemistry
staining (anti-LECT2 IHC, original magnification ×400).
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Figure 7. Congo red positive mesangial deposits of amyloid with orange or salmon pink staining (Congo red stain,
original magnification ×400).

Figure 8. Amyloid deposits with characteristic apple green birefringence when viewed by polarized light (Congo red
stain, original magnification ×400).
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Figure 9. A small amount of amyloid deposits can be detected by placing the Congo red stained section under fluores‐
cent light (Congo red stain, original magnification ×400).

Figure 10. Congo red stain performed on frozen tissue with green birefringence (arrow) when viewed by polarized
light (Congo red stain, original magnification ×400).
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Thioflavin T is an additional sensitive but nonspecific fluorescent stain for amyloid, which is
activated by blue light to emit yellow green fluorescence staining upon binding to amyloid
[42]. This test is more sensitive than Congo red in detecting a small amount of amyloid deposits.
However, due to lack of specificity, it must be confirmed by Congo red apple green birefrin‐
gence, IF, IHC, and/or EM.

AL amyloid nephropathy may coexist with other manifestations of the monoclonal protein,
such as light-chain cast nephropathy, light-chain proximal tubulopathy, and rarely monoclo‐
nal immunoglobulin deposition disease. Any amyloid type may have coexisting other
conditions in the kidney biopsy, such as acute tubular necrosis, diabetic nephropathy, thin
basement membrane lesion, or arterionephrosclerosis.

6.2. Immunofluorescence microscopy

Immunofluorescence (IF) microscopy or immunohistochemistry is crucial for confirming the
presence and for typing of amyloid nephropathy. IF is useful for detection of amyloid derived
from Ig light and heavy chains. Amyloid deposits have a distinctive smudgy appearance of
staining (Figure 11a). Restriction for light chain, either kappa or more commonly lambda, or
for heavy-chain determents (γ or μ) must be demonstrated, in association with Congo red
positivity, for a diagnosis of AIg amyloidosis. Therefore, IF staining for kappa and lambda
should be routinely performed on all native renal biopsies. The findings of strong staining for
a monoclonal Ig light chain with negativity for Ig heavy chains is diagnostic of AL nephrop‐
athy (Figure 11a and b). About 75% of AL nephropathy cases are due to monoclonal lambda
deposits. The diagnosis of AH nephropathy is based on the presence of strong staining for a
single Ig heavy chain with negativity for kappa and lambda light chains (Figure 12). AHL
nephropathy shows intense staining for Ig heavy chain and a single Ig light chain (Figure 13a
and b).

Figure 11. AL nephropathy with smudgy mesangial, vascular, and interstitial staining for lambda (a) and negative
kappa (b) (IF, original magnification ×400).

In addition to specific staining for proteins that comprise the amyloid, amyloid deposits often
have low levels of nonspecific trapping with several reagent antibodies, including Ig and
complements (Figure 14a and b). This varies, with different reagent antibodies and different
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specimens, and is more common with AA nephropathy than AL nephropathy. The basis for
this low level of staining is not well understood, but may result from charge interaction
between the amyloid and the reagent antibodies, contamination with serum proteins, and/or
humoral reaction directed against amyloid fibrils. These low levels of nonspecific trapping
sometime render the distinction between AA nephropathy and AL/AH/AHL nephropathy
difficult. About 21% of AA nephropathy cases from a study by Nasr et al. [8] could not be
diagnosed with certainty by IF and needed confirmation of amyloid type by mass spectrom‐
etry.

Figure 12. AH nephropathy. Intense glomerular staining for IgG heavy chain. Kappa and lambda are negative (IF,
original magnification ×400).

Figure 13. AHL nephropathy. Intense glomerular, vascular and tubular basement membrane staining for IgG heavy
chain (a) and lambda light chain (b). Kappa is negative (IF, original magnification ×400).

Figure 14. Low level of non-specific staining for Immunoglobulin M (IgM) (a, arrow) and complement 3 (C3) (b, ar‐
row) in AA nephropathy (IF, original magnification ×400).
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6.3. Electron microscopy

Transmission electron microscopy (TEM) is helpful in confirming the diagnosis of amyloido‐
sis, but it is not helpful in determining the type of amyloid. At low magnification, amyloid
deposits have a characteristic cottony appearance (Figure 15) that should alert the patholo‐
gist to investigate at higher magnification the possibility of amyloidosis. At high magnifica‐
tion, amyloid is composed of randomly arranged, elongated fibrils that measure 8–12 nm in
diameter (Figure 16). Amyloid fibrils are associated with smaller, round structures, namely,
amyloid p component. The fibrils are extracellular and located near mesangial cells in
glomeruli and myocytes in the media of vessel walls in amyloid nephropathy. The amyloid

Figure 15. Extensive expansion of the mesangium by amyloid, which shows lumpy cottony appearance (arrow) on low
power electron microscopy (transmission electron microscopy (TEM), original magnification, ×5600).

Figure 16. AL nephropathy. Amyloid fibrils replacing normal mesangium. Typical amyloid fibrils are randomly ar‐
ranged, nonbranching and measure 8–12 nm in diameter (TEM, original magnification, ×14,000).
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fibrils may extend into the capillary walls and thus, foot process effacement is commonly seen
in the segments of glomerular basement membranes overlying amyloid deposits. The
podocyte cytoplasm adjacent to the amyloid deposits often shows condensation of actin
cytoskeleton. When amyloid deposits extend into the subepithelial zone, the fibrils usually
show parallel alignment (Figure 17). This is the basis for the JMS-positive feathery spikes that
may be seen by light microscopy (LM).

Figure 17. Alignment of amyloid fibrils (arrow) in the subepithelial zone of a glomerular basement membrane. This is
the basis for the JMS-positive feathery spikes that may be seen by LM (TEM, original magnification, ×5600).

6.4. Differential diagnosis

The differential diagnosis and distinction from other glomerular diseases are summarized in
Table 2. By LM, the differential diagnosis includes any disease process that induces accumu‐
lation of acellular eosinophilic material in glomeruli, blood vessels, and interstitium.
Accumulations of collagenous matrix, as in Kimmelstiel-Wilson nodules in diabetic nephrop‐
athy or sclerosis secondary to chronic immune complex glomerulonephritis or hypertensive
nephrosclerosis, usually can be readily distinguished from amyloid by routine staining. As
mentioned earlier, amyloid stains weakly with PAS and very little or negative with JMS,
whereas sclerotic matrix is strongly PAS and JMS positive. Extensive glomerular deposits
present in immune complex glomerulonephritis, fibrillary glomerulonephritis, immunotac‐
toid glomerulopathy, and collagenofibrotic glomerulopathy may mimic amyloidosis on H&E
stained sections; however, special stains, IHC, and EM demonstrate the distinctive features of
each of these diseases. The Congo red stain is then necessary to confirm the diagnosis of
amyloid nephropathy.

Light-chain deposition disease (LCDD) shares monoclonal immunoglobulin light-chain
staining with AL nephropathy, but the pattern of staining is much different. LCDD typically
has a more diffuse and regular distribution of staining that appears linear or ribbon-like along
glomerular and tubular basement membranes. The expanded mesangium also shows globular

Amyloid Nephropathy: A Practical Diagnostic Approach and Review on Pathogenesis
http://dx.doi.org/10.5772/64083

297295



staining in LCDD, in contrast to AL nephropathy, which typically shows a smudgy pattern of
lambda or kappa light-chain staining with fuzzy border in the mesangium or along glomeru‐
lar basement membranes, but no ribbon-like tubular basement membrane deposits.

Differential
diagnosis

Congo red
stain

LM IF EM

Light-chain
deposition
disease

Negative  Deposition of PAS
positive 
and argyrophilic material
in mesangium with
occasional nodular
formation

Diffuse intense staining
of single light chain
(more often kappa) along
tubular and/or
glomerular basement
membranes (ribbon-like),
involving mesangium
(globular), and blood
vessels

Finely granular (punctate) or
amorphous electron dense
deposits along the inner aspect
of glomerular basement
membranes and outer aspect of
tubular basement membranes

Light- and heavy-
chain deposition
disease

Negative Deposition of PAS
positive 
and argyrophilic
material  in mesangium
with occasional nodular
formation,
more mesangial
hypercellularity

Diffuse intense staining
of single Ig heavy chain
(more often IgG) and a
single light chain along
tubular and/or
glomerular basement
membranes (ribbon-like),
involving mesangium
(globular), and blood
vessels

Finely granular (punctate) or
amorphous electron dense
deposits along the inner aspect
of glomerular basement
membranes and outer aspect of
tubular basement membranes,
occasional immune complex-
type deposits, or rarely no
electron deposits detected

Heavy-chain
deposition
disease

Negative Deposition of PAS
positive  and
argyrophilic material in
mesangium with
occasional nodular
formation,
more mesangial
hypercellularity

Diffuse intense staining
of single Ig heavy chain
(more IgG3) along
tubular and/or
glomerular basement
membranes (ribbon-like),
involving mesangium
(globular), and blood
vessels, no kappa or
lambda staining

Finely granular (punctate) or
amorphous electron dense
deposits along the inner aspect
of glomerular basement
membranes and outer aspect of
tubular basement membranes,
occasional immune complex-
type deposits, or rarely no
electron deposits detected

Fibrillary GN Negative Deposition of PAS
positive and
nonargyrophilic in
mesangium and
occasionally along
glomerular basement
membranes

Smudgy staining for IgG
(more often IgG4), C3,
kappa, and lambda in
mesangium and along
capillary loops, about
10% show restriction of
light-chain staining

Randomly arranged
nonbranching fibrils size of
12-27 nm in diameter within
mesangium, along outer aspect
of glomerular basement
membranes, and rarely along
tubular basement membranes

Immunotactoid
glomerulopathy

Negative Deposition of PAS
positive  and
nonargyrophilic in

Smudgy staining for IgG
(more often IgG1), C3,
with light chain

Microtubular or cylindrical
structure with hollow cores with
a size from 20 to 90 nm in
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Differential
diagnosis

Congo red
stain

LM IF EM

mesangium and
occasionally along
glomerular basement
membranes

restriction (more kappa),
staining in mesangium
and capillary loops

diameter, arranged in parallel
arrays, predominantly present in
mesangium and subepithelial
zone

Diabetic
nephropathy

Negative Accumulation of PAS
positive and argyrophilic
glycosylate products,
Kimmelstiel-Wilson
nodules, prominent
glomerular basement
membranes

Linear accentuation of
IgG and albumin along
glomerular and tubular
basement membranes

Diabetic fibrillosis with
branching fibrils with a size of
10–25 nm in diameter in
mesangium, thickened
glomerular basement
membranes

Collagenofibrotic
glomerulopathy

Negative Increase in mesangial
matrix, argyrophilic,
PAS  positive material
with intense blue
staining on Masson
trichrome stain

Negative staining curved and frayed, sometimes
worm-like of comma-shaped
fibers with transverse band
structure with periodicity of 43–
65 nm when sectioned
transversely

Fibronectin
glomerulopathy

Negative Mesangial matrix
accumulation of
nonargyrophilic material
with bright red staining
on Masson trichrome
stain

May have nonspecific
staining for IgG, IgM,
and C3

Granular to fibrillary
substructures with a size of 14–
16 nm in diameter

Table 2. Histologic differential diagnosis of amyloid nephropathy.

By EM, the differential diagnosis includes other renal diseases that have deposits containing
organized fibrillary or microtubular substructures, including fibrillary glomerulonephritis,
immunotactoid glomerulopathy, and collagenofibrotic glomerulopathy. Fibrillary glomeru‐
lonephritis is characterized by glomerular deposits composed of randomly arranged, non‐
branching fibrils that usually are 12–27 nm in diameter (Figure 18). The diagnosis of
amyloidosis is unlikely if fibrils are larger than 20 nm. Immunotactoid glomerulopathy has
organized microtubular substructures with hollow cores, measuring 20–90 nm (Figure 19).
Collagenofibrotic glomerulopathy shows collagen fibrils deposited predominantly in the
mesangium but sometimes can extend to subendothelial zone. The collagen fibrils appear
curved and often frayed with periodicity of 43–65 nm. In diabetic fibrillosis, the fibrils are 10–
25 nm, negative for Congo red and Thioflavin T. These fibrils tend to be shorter and more often
aligned in parallel, slightly curved, and sometimes are oriented at right angles to mesangial
cell surfaces, and may touch plasma membranes (Figure 20). Of note, the presence of diabet‐
ic fibrillosis in diabetic nephropathy does not appear to have any specific clinical connota‐
tions because a patient with this disorder behaves similarly clinically to those without fibrils
[36]. For each of the above conditions with substructure of material by EM, IF and light
microscopic appearances, and negative Congo red stain, allow distinction from amyloidosis.

Amyloid Nephropathy: A Practical Diagnostic Approach and Review on Pathogenesis
http://dx.doi.org/10.5772/64083

299297



Figure 18. Fibrillary glomerulonephritis with randomly arranged nonbranching fibrils that measure 12–27 nm in diam‐
eter (TEM, original magnification, ×14,000).

Figure 19. Immunotactoid glomerulopathy. Replacement of mesangial matrix by microtubular substructures (arrow)
with hollow cores that measure 20–90 nm in diameter (TEM, original magnification, ×14, 000).
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Figure 20. Diabetic fibrillosis. Replacement of mesangial matrix by short nonbranching fibrils that measure 10–25 nm
in diameter. These fibrils tend to be more often aligned in parallel, slightly curved, and sometimes are oriented at right
angles to mesangial cell surfaces (TEM, original magnification, ×14,000).

6.5. Typing of amyloid does matter

Amyloid typing is absolutely crucial for clinical management in order to avoid misdiagnosis
and inappropriate, potentially harmful treatment, to assess prognosis and to offer genetic
counseling if relevant. The classification is based on the nature of amyloid precursor plasma
proteins. The initial step is IF, which is an important technique for AL typing. In AL nephr‐
opathy, there is restriction for either kappa or lambda light chain. In AH nephropathy, the
deposits stain only a single subclass of Ig heavy chain, whereas a single heavy-chain and a
single light-chain stain positive in AHL nephropathy. In cases where no frozen tissue is
available, IF can be performed on paraffin embedded tissue by a pronase-digested technique.
The paraffin-embedded tissue pronase-digested technique has less sensitivity than frozen
tissue IF. Thus, negative IF staining for Ig light chains or heavy chain does not completely rule
out AL nephropathy, AH nephropathy, or AHL nephropathy, as some monoclonal proteins
may be mutated and not recognized by commercial antibodies. However, a negative IF study
does typically suggest another type of amyloid nephropathy and requires further explora‐
tion by other modalities to diagnose the type of amyloid.

Current diagnostic methods, such as IHC technique using antibody-based amyloid typing,
have limited ability to detect the full spectrum of amyloid forming proteins. Although IHC
can be performed using commercially available antibodies against amyloid of the classes AL,
AH, AA, AFib, ATTR, AApo AI, and Aβ2M [10], of these antibodies, serum amyloid A (SAA)
IHC on paraffin-embedded tissue is the most extensively used and is considered the gold
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standard technique for diagnosing AA (Figure 21). AA IHC reveals a pattern of distribution
matching that seen by LM. From our study, IHC on paraffin-embedded tissue for LECT2 is
sensitive; however, it is not entirely specific for ALECT2 [41]. It is recommended that the
diagnosis of ALECT2 nephropathy should be confirmed by mass spectrometry analysis of
renal tissues when the staining pattern shows equivocal Intensity [41].

Figure 21. AA nephropathy with intense glomerular and vascular staining for SAA IHC (anti-SAA IHC, original mag‐
nification ×200).

In spite of the availability of IF and IHC, there are multiple drawbacks of these methods, such
as sensitivity and specificity of commercial antibodies that are designed against only nonmu‐
tated proteins. Mutant proteins and proteins with conformational changes might be less
reactive to commercial antibodies [39]. For example, in 7–35% of the AL nephropathy cases,
the amyloid deposits were negative for both kappa and lambda IF staining on frozen tissue [7].
Therefore, be aware that a negative staining for light- and/or heavy-chain IF does not ex‐
clude AIg nephropathy. Of note, rare cases of amyloid nephropathy show more than one type
of amyloid protein, leading to difficulty in typing. The drawbacks of these techniques may be
solved by mass spectrometry, which is discussed below.

6.6. Proteomics

The direct technique of amyloid demonstration is based on proteomic analysis using laser
microdissection/mass spectrometry (LMD/MS), which has the capability for identification of
the many different proteins [43]. This technique has a high sensitivity and specificity and solves
many of the problems presented by other techniques [44].
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LMD/MS has proved to be useful to determine the nature and type of the amyloid precursor
protein in cases that could not be typed by routine IHC panels [45, 46]. The major advantage
of LMD/MS over conventional IHC techniques in typing of amyloid is that LMD/MS is a single
test that can identify and type the amyloid protein, in contrast to IHC that may require several
antibodies staining multiple sections [47]. Furthermore, LMD/MS is performed from paraf‐
fin-embedded tissue and requires no special treatment. The common indications for LMD/MS
in amyloid nephropathy include amyloid type confirmation, insufficient tissue sample for IF
or IHC studies but with remaining tissue in paraffin block, difficult cases on routine renal
biopsy studies such as heavy-chain amyloidosis and familial and hereditary forms of amyloi‐
dosis [17, 48, 49]. The diagnosis of amyloidosis at the proteomic level using LMD/MS is purely
based on the presence of large spectra of proteins, which have amyloidogenic properties, in
addition to apolipoprotein E (Apo E) and SAP that are commonly present in all types of
amyloid [40]. Therefore, in AA nephropathy, large spectra numbers of serum amyloid-
associated protein along with Apo E and SAP are present. In contrast, in ALECT2 and AGel
nephropathy, large spectra numbers of LECT2 and gelsolin are present along with Apo E and
SAP.

LMD/MS has been very helpful in achieving amyloid typing from formalin-fixed paraffin-
embedded tissue. LMD/MS has also been critical for the typing of cases with limited anti‐
body reactivity and in the discovery of new protein types of amyloid. From a study by Said et
al., the type of amyloid in 16% of amyloid nephropathy cases could not have been typed
without LMD/MS [8]. In spite of these major advantages, LMD/MS also has a few draw‐
backs. As mentioned above, identification of amyloid proteins is purely based on the pres‐
ence of large spectra for proteins, which have amyloidogenic properties within the analyzed
sample. In a case of focal amyloidosis, a small amount of amyloid deposit may be obscured by
Apo E, SAP, and various serum proteins. Furthermore, the observed peptide fragmentation
data must be matched to known protein sequences that are available in the public data base,
and thus, unknown protein sequences due to certain germ line polymorphisms or somatic
mutations, may not be identified. Despite these drawbacks, the number of cases of amyloid
with undetermined type has markedly decreased with use of this technique to 7%, with 3% of
the sample insufficient for analysis [7, 8, 50]

6.7. Treatment and prognosis

The goal of current treatment approaches for AIg nephropathy is to eradicate the clone of
plasma cells that produce amyloidogenic monoclonal light chains, Ig heavy chain, and Ig heavy
and light chain. Patients with AIg nephropathy are usually treated with chemotherapeutic
regimens appropriate for B-cell or plasma cell neoplasm. Melphalan-dexamethasone-borte‐
zomib is commonly used as frontline regimen for patients with Stages I and II cardiac
involvement [51]. Patients with Stage III cardiac involvement or advanced chronic kidney
disease (CKD) patients are generally treated with cyclophosphamide-bortezomib-dexametha‐
sone [51, 52], which showed overall 81.4% hematologic response [53]. High-dose intrave‐
nous melphalan followed by autologous stem cell transplantation (HDM/ASCT) to support
bone marrow recovery has emerged as the most likely to eradicate the clonal plasma cells [39].
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Experiences from several treatment centers has suggested that 25–50% of patients who
undergo such treatment have complete hematologic response, indicating that there is no
evidence of ongoing production of monoclonal light chains, Ig heavy chain, or Ig heavy chain
and light chain [52–54]. HDM/ASCT is generally offered to patients with Stages I or II cardiac
involvement patients who have glomerular filtration rate (GFR) ≥ 30 mL/min in the absence
of advanced other organ involvement [54–56].

Treatment of the underlying chronic inflammatory diseases, such as immunosuppressive
agents for rheumatoid arthritis and inflammatory bowel diseases is beneficial in patients with
AA nephropathy. The basis of modern treatment in AA nephropathy is still reduction of SAA
production. Additionally, steroids and cytotoxic drugs, treatment with monoclonal antibod‐
ies against cytokines, particularly tumor necrotic factors (TNF) and interleukin-6 (IL-6), are
effective in many cases [57]. This approach of treatment is targeted not only at amyloid fibrils
themselves but also at messengers in the acute-phase response. Other therapies, such as
antisense oligonucleotides, have been suggested to specifically lower the expression of SAA
in the liver [57]. AA nephropathy caused by familial Mediterranean fever responds to
colchicine [58]. In familial amyloidosis, including AFib, ATTR, and AApo AI, in which the
liver is the source of precursor protein, patients are treated with liver transplantation [57]. A
novel drug, R-1-[6-[R-2carboxy-pyrrolidin-1-yl]-6-oxo-hexanoyl]pyrrolidine-2-carboxylic
acid is a competitive inhibitor of SAP binding to amyloid fibrils [59, 60]. This palindromic
compound also cross-links and dimerizes SAP molecules, leading to their very rapid clear‐
ance by the liver, and hence produces a marked reduction in human SAP in the circulation [61].
This mechanism of drug action potently removes SAP from the deposits of amyloid in human
tissue and may provide a new therapeutic approach to AA amyloidosis and diseases associ‐
ated with local amyloid deposition, including Alzheimer’s disease [61].

The prognosis for patients with AL nephropathy is generally poor and depends on systemic
organ involvement, but survival can be prolonged with treatment [62, 63]. Patients with AL
nephropathy have a median overall survival of 1–2 years [62, 63]. Patients with AA nephrop‐
athy have a better prognosis than those with AL nephropathy with the median survival varies
between 2 and 10 years [13, 64]. In AL nephropathy and AA nephropathy, cardiac involve‐
ment is an independent negative predictive factor of patient survival [13]. Patients with AA,
AH, AHL, AFib, and ALECT2 nephropathy have longer overall survival compared with AL
nephropathy, largely because of a lower rate of cardiac involvement [13, 65, 66]. The mean
survival for AFib is 15 years [10], and the median survival for ALECT nephropathy is
62 months [66].

In AL nephropathy, kidney transplantation is ideally performed after production of amyloi‐
dogenic light-chain proteins has been eradicated. Kidney transplantation for systemic AL
patients has a relative good outcome with 1- and 5-year patient survival of 75% and 67% and
median graft survival of 5.8 years [67–69]. However, amyloidosis may recur in kidney
transplants, depending on the amyloid type and progression of the underlying disease. In a
large series from the UK, among 246 patients with AL nephropathy with renal failure, only
10% received kidney transplants [69], and of these, amyloidosis recurred in 28%; however, no
graft was lost due to recurrent AL amyloidosis [67]. Patient survival was best among pa‐
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tients who had achieved partial remission before kidney transplantation (8.9 years). In a French
series of 59 recipients with AA amyloidosis, recurrence was documented in 14% at a median
of 10 years posttransplant and was often associated with nephrotic range proteinuria [70].
Among 10 recipients with hereditary AFib amyloidosis who received kidney transplantation
only, recurrent AFib amyloidosis was detected in 70% and median graft survival was
7.3 years [69]. In contrast, no recurrence was detected in the nine patients who received
combined kidney and liver transplantation, but the mean renal graft survival was 6.4 years
[62]. Hereditary AApo I amyloidosis has recurred in 30% who received kidney transplanta‐
tion only, and of these, one graft was lost to recurrent AApo I amyloidosis [68]. There is no
effective therapy for ALECT2 nephropathy [37]. Because the precursor protein in ALECT2 is
nonmutant, liver transplantation is likely ineffective [26]. Kidney transplantation has been
suggested as a treatment option for ALECT2 nephropathy patients with advanced renal
failure [35]. Although the disease may recur in about 20% of allografts, no graft was lost to
recurrent ALECT2 nephropathy [69]. Possible future therapies for ALECT2 nephropathy
include reducing the supply of LECT2 (e.g., inhibiting the Wnt/β-catenin signal pathway),
inhibiting amyloid fibril formation by blocking the binding of glycoaminoglycans to amy‐
loid fibrils, promoting clearance of amyloid by immunotherapy, and promoting amyloid
regression by SAP-targeted therapy.
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Abstract

Gelsolin amyloidosis (AGel) is an autosomal‐dominant inherited disease caused by
point mutations in the gelsolin gene. At the protein level, these mutations result in the
loss of a Ca2+‐binding site, crucial for the correct folding and function. In the trans‐Golgi
network, this mutant plasma gelsolin is cleaved by furin, giving rise to a 68 kDa C-
terminal fragment. When secreted in the extracellular matrix, this fragment under‐
goes proteolysis by MT1‐MMP–like proteases, resulting in the production of 8 and 5 
kDa amyloidogenic peptides. Nanobodies, the variable part of the heavy chain of heavy‐
chain antibodies, have been used as molecular chaperones for mutant plasma gelsolin
and the 68 kDa C‐terminal fragment in an attempt to inhibit their pathogenic proteoly‐
sis. Furthermore, these nanobodies have also been tested and applied as a 99mTc‐based
imaging agent in the gelsolin amyloidosis mouse model.

Keywords: AGel, Gelsolin, Nanobody, SPECT/CT, VHH, FAF

1. Introduction

Gelsolin amyloidosis is an autosomal‐dominant inherited disease caused by a point mutation
in the gelsolin gene; G640A and G640T are most common; G580A and C633A were more recently
discovered [1–3]. At the protein level, these mutations result in the amino acid substitutions
D187N, D187Y, G167R and N184K in gelsolin domain 2. Consequently, a Ca2+‐binding site,
crucial for the correct folding and function, is lost. As a result, mutant plasma gelsolin (PG*)
adopts an intermediate state between active and inactive, thereby negatively influencing the
overall structural stability of the protein and exposing a cryptic, otherwise buried, furin cleavage
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site  [4].  In the trans‐Golgi  network,  this  intermediate form of  mutant plasma gelsolin is
susceptible to furin cleavage, giving rise to a 68 kDa C‐terminal fragment (C68) [5]. In its turn,
C68 is cleaved by MT1‐MMP–like proteases during secretion into the extracellular matrix. This
MMP activity results in the formation of 8 and 5 kDa amyloidogenic peptides, which polymer‐
ize into mature amyloid fibrils [6]. Patients are generally heterozygous for the mutations and
experience a triad of neurological, ophthalmological and dermatological symptoms starting
from their thirties [7]. Given the importance of furin and MT1‐MMP–like proteases in cell
homeostasis, a classical small compound therapy targeting these proteases is unlikely to be
successful. Moreover, the gain‐of‐toxicity nature of this disease rules out replacement gene
therapy. In gelsolin amyloidosis, the mutant gelsolin gene still undergoes normal expression.
Curing gelsolin amyloidosis through gene therapy would therefore require the deletion of the
mutant gene from every single cell. This is (at the moment) not possible with the available gene
therapy technology. Shielding the mutant gelsolin from furin and MT1‐MMP–like proteases,
however, proved to be a worthwhile approach to tackle this disease. One of that may be applicable
to other similar amyloid diseases.

Using nanobodies, the variable part of the heavy chain of heavy‐chain antibodies, two routes
to address AGel have been explored. In a first approach, nanobodies, which partly protect C68
against MT1‐MMP, were intraperitoneally injected in AGel mice [8]. In a second approach, a
mouse model expressing Nb11 was developed [9]. Nb11 binds to mutant plasma gelsolin (PG*)
and shields it from furin degradation. The mouse model secretes this nanobody in its
bloodstream. These mice were crossed with AGel mice. During the secretion pathway, Nb11
encounters PG* in the trans-Golgi network. Both techniques resulted in a reduced deposi‐
tion of amyloidogenic gelsolin.

The nanobodies binding to C68 are also capable of recognizing the 8 kDa amyloidogenic
fragment. This characteristic was further explored to develop a 99mTc‐based imaging agent.

2. Gelsolin amyloidosis

2.1. Discovery

In 1969, the Finnish ophthalmologist Jouko Meretoja [10] first described a new familial
amyloidosis syndrome characterized by corneal dystrophy, cranial neuropathies and skin
affliction. Over the years, this syndrome came to be known under many different names:
Meretoja's disease, amyloid polyneuropathy type IV, gelsolin‐related amyloidosis, familial
amyloidosis of the Finnish type (FAF), corneal lattice dystrophy type II and gelsolin amyloi‐
dosis (AGel).

It was not until 1990 that the role of gelsolin in AGel was demonstrated. Two independent
research groups had isolated and sequenced the amyloid fibrils from patient tissues [11, 12].
The fragments appeared to be an internal part of a gelsolin variant having an aspartate to
asparagine mutation at position 187 of the primary structure of gelsolin. AGel therefore seemed
to arise from an abnormal internal degradation from this gelsolin variant.
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In the following years, the role of gelsolin, the genetic cause and pathogenic pathway were
further elaborated. At the moment, there are four known mutations, which cause gelsolin‐
related amyloidosis: D187N, D187Y, G167R and the recently discovered N184K [1–3].

2.2. Biochemistry and genetics of gelsolin

The gelsolin superfamily of actin‐binding proteins comprises gelsolin, villin, supervillin,
advillin, villin‐like protein, severin, fragmin CapG (gCap39) and flightless I [13–16]. These
proteins are highly conserved in the animal kingdom, and all contain three or more prototyp‐
ical ‘gelsolin‐like’ domains. A ‘gelsolin‐like’ domain consists of five or six beta‐sheets packed
between a long roughly parallel and a short roughly perpendicular alpha helix [17, 18].

Gelsolin was described in 1979 as a protein able to transform solid actin gels into a soluble
solution: the gel‐sol reaction, hence the name. Present in almost every human tissue, gelsolin
is capable of binding, severing and capping actin filaments and plays a pivotal role in
cytoskeletal homeostasis [19]. It comes in three isoforms, all derived from the same gelsolin
gene located at chromosome 9q34. Alternative splicing gives rise to cytoplasmic gelsolin (CG,
82 kDa), plasma gelsolin (PG, 84 kDa) and gelsolin‐3 (82 kDa). The first two are the main
isoforms, with PG differing from CG by a 24 amino acid, N‐terminal extension, which remains
present after cleavage of the signal sequence, and the presence of a disulfide bond. The third
variant has only been detected in brain oligodendrocytes, lungs and testis tissue and is
characterized by 11 additional residues at the N‐terminus [20].

Figure 1. Schematic representation of gelsolin. Black boxes represent the six gelsolin domains. Calcium‐binding sites
(grey and black dots), actin‐binding sites (red), PIP2‐-binding sites (yellow) and caspase‐3–sensitive linker (blue arrow)
are indicated.

Gelsolin is composed of six domains (G1–6) of 120–130 amino acids which, in a calcium‐free
environment, are closely packed together. This inactive state is controlled by three latches: the
tail latch, formed by the C‐terminus and G2 domain, the G1–G3 latch and the G4–G6 latch [21].
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Upon binding of calcium, the three latches open up and expose the actin‐binding surfaces of
domains 2, 1 and 4, respectively. Following this activation, gelsolin will bind and subsequent‐
ly sever F‐actin [4]. The sequence homology between G1–3 and G4–6 suggests that the protein
arose from a gene triplication followed by a duplication [22]. The two homologous halves are
connected through a caspase‐3–sensitive linker (Figure 1). Overall, stability and function of
gelsolin are regulated through Ca2+ and phosphatidylinositol 4,5‐biphosphate (PIP2). Each
domain contains a Ca2+‐binding site, and G1 and G2 also have PIP2‐binding capacity (Figure 1)
[14].

The G2 domain has two major foci of stability. First, there is the Ca2+‐binding pocket (Kd 650 
nM) formed by residues D187, E209 and D259 [23]. Second, L166, Q164, N184 and D187 form
cooperative hydrogen bonds with one another [18]. Mutation of any of these residues leads to
a destabilization of G2 and consequently of gelsolin as a whole. This is actually what hap‐
pens in AGel. Three out of four of the known mutations (D187N, D187Y and N184K) can be
directly traced back to one of these two foci of stability. The fourth mutation, G167R, possi‐
bly has a destabilizing effect on hydrogen bonding as it is close to Q164. It should be noted
that both the N184K and G167R mutations have only recently been discovered in two isolated
patients and their kindred [2, 3]. The overall majority of patients carry the D187N/Y muta‐
tion, but it is nevertheless noteworthy to observe that these pathological mutations are all in
G2 of gelsolin, pointing to this region as a gelsolin stability sensor.

Although the causative mutations of AGel are present in all three gelsolin isoforms, the plasma
variant is the sole source of gelsolin amyloidogenic peptides [24]. As mentioned earlier, the
overall stability of gelsolin is highly regulated by Ca2+ binding. The AGel mutant plasma
gelsolin form can no longer properly bind Ca2+ through its G2 domain. Consequently, this
aberrant variant gives rise to a structurally intermediate state between active and inactive. This
exposes an otherwise internal inaccessible furin cleavage site (R‐X‐X‐R) at the surface of
gelsolin.

Furin is a membrane‐bound member of the proprotein convertase family, active in the
endosomal and lysosomal pathways. It shuttles between the trans‐Golgi network and the cell
surface while activating a wide range of serum proteins, hormones and receptors [25–27].
During secretion, PG naturally encounters furin without any consequence since wild‐type
gelsolin is already correctly folded due to high calcium levels in the ER/Golgi compartments.
PG* on the other hand is susceptible to pathological furin processing due to its induced
structural intermediate state. The scissile bond between R172 and A173 is cleaved, thereby
releasing a 68 kDa C‐terminal fragment [28]. During secretion, this aberrant C68 constitutes a
substrate for MT1‐MMP–like proteases present in the extracellular matrix. MT1‐MMP–like
proteases are members of the matrix metalloprotease family [29]. They play a pivotal role in
protein degradation processes during embryonic development and tissue remodelling. Here,
however, 8 kDa (AA 173–243) and 5 kDa (AA 173–225) gelsolin amyloidogenic peptides are
generated (Figure 2). Over time, the 8 and 5 kDa fragments start to aggregate in a cross‐beta
sheet configuration, a hallmark of amyloid fibrils with the former being the major compo‐
nent of gelsolin amyloid in patients.
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2.3. Diagnosis and treatment

The clinical diagnosis of AGel most commonly starts with the detection of corneal lattice
dystrophy [30]. Together with cutis laxis and bilateral facial pareses, it forms a triad of
consistent features differentiating AGel from other amyloid disorders. The diagnosis can be
easily confirmed using molecular genetics. In older or homozygous patients, renal amyloido‐
sis, resulting in proteinuria, can also be a first clue [7].

No specific treatment is currently available. Only symptomatic treatments are being offered
to improve the overall quality of life. Most important is good ophthalmological care ranging
from eye drops to corneal transplantation. Next to that, aesthetic surgery is often needed to
ameliorate the patients’ overall confidence as the facial pareses and cutis laxis burden the
patients with a constant droopy facial expression [31].

Although therapeutic strategies involving the inhibition of protease activity have been
suggested, unwanted side effects are to be expected given the major physiological roles of furin
and MT1‐MMP [28, 29]. Tackling the problem the other way round, directly shielding PG*
from degradation, may prove to be a more valuable route, as will be discussed later in this
chapter.

Figure 2. Molecular characteristics of AGel: non‐pathological versus pathological plasma gelsolin processing. The left‐
hand side depicts the non-pathological synthesis and secretion of wild‐type plasma gelsolin through the ER and Golgi‐
network. On the right hand, the mechanism for mutant plasma gelsolin is depicted. Furin cleaves PG* in the trans‐
Golgi network, thereby releasing a C68 fragment. During secretion, C68 is cleaved by MT1‐MMP–like proteases,
forming 8 and 5 kDa amyloidogenic fragments in the extracellular matrix.
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2.4. A gelsolin amyloidosis mouse model

To further study the molecular aspects of the disease and to test the different therapeutic
avenues, two animal models were set up. In a first attempt, the gene coding for the 8 kDa
amyloidogenic fragment was successfully transferred into the genome of Drosophila mela‐
nogaster. Unfortunately, AGel amyloid deposition could not be detected [7].

As of 2009, a mouse model is available that faithfully recapitulates the entire proteolytic
cascade of human PG* [32]. Following the electroporation of the human plasma GSN cDNA,
carrying the D187N mutation, into mouse ES cells, a transgenic animal was obtained where
gelsolin is expressed under control of a muscle creatine kinase (MCK) promoter. PG*, C68 and
the 8 and 5 kDa amyloidogenic fragments were detected in the heart, skeletal muscle,
diaphragm and skin. Plasma samples contain both full length PG* and C68. With age,
increasing amounts of gelsolin‐positive amyloid depositions can be seen in the endomysium.
Eventually, the phenotype of old homozygous D187N mice starts to resemble sporadic
inclusion body myositis (sIBM) with accompanied muscle weakness.

3. Nanobodies

3.1. Research and clinic applications of conventional antibodies

Since the introduction of hybridoma technology in 1975, monoclonal antibodies (mAb) have
become an indispensable tool in fundamental research and all sorts of clinical applications [33].
The ability to mass produce antibodies against a plethora of proteins, carbohydrates, nucleic
acids and haptens gave rise to molecular diagnostic tests, such as ELISA, Western blotting,
immunohistochemistry (IHC) and immunofluorescence. Antibodies in the clinic are used in
diagnostic applications by linkage to radioactive or fluorescent moieties. Furthermore, they
are also being applied therapeutically, be it directly or as a route for drug delivery. As the
applications became more and more sophisticated and diversified, the potential pitfalls of this
technology also surfaced. First, the production of vast amounts of mAbs is very expensive.
Second, the mAb format is hard to manipulate to obtain site‐specific linkage to other mole‐
cules such as fluorophores and radioactive nuclides. Last but not least, mAb hold the poten‐
tial of evoking an immune response rendering the therapy ineffective. This last hurdle has
been addressed with the production of so‐called humanized antibodies. These second‐
generation antibodies contain a humanized antigen‐binding fragment (Fab). Third‐genera‐
tion antibodies go one step further and also include an engineered Fc domain to improve the
therapeutic activity in patients, particularly in subpopulations expressing low affinity variants
of the Fc receptor [34].

Conventional antibodies are comprised of 2 heavy chains and 2 light chains. This multichain
nature is one of the major hurdles when trying to manipulate mAb. Attempts have been made
to bypass this by producing mAb fragments such as antigen‐binding fragments and single‐
chain variable fragments (scFv). The first, Fab, is composed of the variable and constant domain
of a heavy chain, combined with the variable and constant domain of a light chain. The second,
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scFv, only contains the variable parts of the heavy and light chain, but these are interconnect‐
ed through a linker. Although these smaller formats ameliorated some of the problems posed
by classical mAbs, their production still proved to be troublesome and the functionality of the
original mAb was (partly) lost in some cases.

3.2. Discovery of nanobodies

By a stroke of luck in 1993, a new type of antibody was discovered in the blood of Camelus
dromedarius [35]. These antibodies consist solely of two heavy chains; hence, they were named
heavy‐chain antibodies (HCAbs). Their paratope is no longer formed by a combination of a
heavy and light chain variable fragment but consists exclusively of the variable fragment of a
heavy chain. The single‐domain nature of this paratope offered the natural solution for which
researchers had been looking for. It has since been named variable domain of the heavy chain
of heavy‐chain antibodies, VHH in short or Nanobody® (www.ablynx.com) (Figure 3). Since
their discovery, these HCAbs have been detected in the blood of all Camelidae family
members, nurse sharks, wobbegongs and ratfish.

Figure 3. Schematic representation of a conventional antibody, heavy‐chain antibody and a nanobody. A conventional
antibody (left) consists of two heavy chains (CH3, CH2, CH1 and VH) and two light chains (CL and Vl). Heavy‐chain
antibodies (middle) only consist of two heavy chains (CH3, CH2 and VHH). A nanobody (right) corresponds with the
variable part of the heavy chain of heavy‐chain antibodies (VHH).

3.3. Properties and production of nanobodies

The most important novelty about nanobodies was, and still is, the fact that they are the
smallest, single‐domain, natural, antigen‐binding fragment available. Their complementary
determining regions 3 (CDR3) sequences are on average longer (16–18 AA) compared those
of regular human antibodies (12 AA). Not only does this compensate for the absence of a light
chain, but it also allows the CDR3 to form protruding loops that are able to bind cryptic
epitopes. The fact that they are encoded by a single short gene fragments allows easy and
straightforward protein engineering, thereby overcoming one of the mayor hurdles of the
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multichain nature of conventional Abs. By the same token, it allows relatively easy produc‐
tion in bacteria and yeast cells. With yields of up to 40–70 mg/l, nanobodies can be produced
at a fraction of the cost of mAbs. When produced, their high resistance towards chaotropic
reagents or prolonged high temperatures and stability at high concentrations allows easy
storage without any functionality loss.

3.4. Nanobody applications

Nanobodies, being small and stable, are ideal candidates for various research purposes,
diagnostic or clinical applications. Equipped with a radionuclide, they can be applied as
imaging tracers in a single‐photon emission computed tomography (SPECT) or positron
emission tomography (PET)‐based set‐up allowing in vivo visualization of tumours, arthero‐
sclerotic plaques and rheumatoid arthritis‐associated inflammation sites [36–38]. Nanobod‐
ies are also capable of stabilizing proteins in a particular conformation and of minimizing
structural flexibility. This has been nicely demonstrated in the case of human lysozyme
amyloidosis, a hereditary systemic disease associated with at least seven amyloidogenic
lysozyme variants [39, 40]. Aggregation of these lysozyme variants leads to the accumula‐
tion of amyloid in the extracellular matrix of several tissues and organs. Two nanobodies have
been identified who, upon binding mutant amyloidogenic lysozyme (D67H and I56T), restored
the global cooperativity characteristics of the wild‐type protein through direct contact and
long‐range conformational effects. What's more, this stabilizing capacity can also be condu‐
cive to crystallizing proteins. β2‐microglobulin–specific nanobodies have been shown to serve
as efficient crystallization chaperones for transient intermediate species during fibrillation [41].
This type of antibody chaperone co‐crystallization was also used to unravel the structure of
the G protein‐coupled receptor β‐2 adrenergic receptor (β2AR), research which received the
2012 Nobel Prize in Chemistry [42].

Another major field where the potential use of nanobodies is currently being explored is
amyloidosis. In Alzheimer's research, nanobodies have been found which inhibit beta‐
secretase 1 (BACE1) activity, the first step in amyloid beta formation, both in vitro and in
vivo [43]. Alternatively, nanobodies could also be raised against amyloid precursor protein
(APP) to protect it from BACE1 degradation, as direct inhibition of the enzyme could evoke
unwanted side effects. We present here the case of gelsolin amyloidosis where this approach
has proven successful both in vitro and in vivo. The remainder of this chapter will focus on
the obtained results, current status and future prospects regarding this AGel research arena.

4. Extracellular targeting of the AGel pathological pathway

Consecutive aberrant cleavage of PG* by furin and MT1‐MMP–like proteases leads to the
production of amyloidogenic fragments which eventually polymerize into fibrils, causing
gelsolin amyloidosis pathology. But these two proteases are active in different compart‐
ments. Indeed, whereas furin is active in the (intracellular) ER‐Golgi compartments, MT1‐
MMP is inserted in the plasma membrane and oriented to the extracellular environment. This
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has far‐reaching consequences in terms of molecular therapeutic avenues that should be
followed when gelsolin has to be protected from cleavage by either of these proteases. As the
second cleavage step occurs in the extracellular matrix, we reasoned that it might be possi‐
ble to block this process by intraperitoneal administration of C68 chaperone nanobodies [8].

A dromedary was simultaneously immunized with the G2 domain and the 8 kDa fragment of
PG*. Phage panning was also performed with both gelsolin fragments. This yielded three
different nanobodies, termed FAF Nb1‐3. All three bind to PG, PG*, C68 and the 8 kDa peptide

Figure 4. Overview of different nanobody‐based strategies to diagnose and to counter amyloidogenesis in transgenic
mice. A, Schematic representation of the steps leading from mutant plasma gelsolin to the 8 and 5 kDa amyloidogenic
fragments. B (upper panel), Gelsolin Nb11 reduces C68 formation in vitro—lane 1: PG incubated with furin, lane 2:
PG* incubated with furin and lane 3: PG* incubated with furin and Nb11. B (second panel), Nb11 co‐localizes with
mutant gelsolin in the secretory pathway of HEK293T cells. B (third panel), Nb 11 decreases C68 formation in
HEK293T cells: lane 1: medium from cells transfected with PG, lane 2: medium from cells transfected with PG* and
lane 3: medium from cells transfected with PG* and Nb11. This led to designing the Nb11‐expressing mouse model. C,
Representative images obtained with 99mTc‐labeled FAF Nb1 in 9‐month‐old AGel mice. The heart and front and hind
leg muscles show a clear signal (blue). Kidneys and bladder signal represents unbound nanobody which is cleared
through the urinary system (green and red). FAF Nb1 can also be used as a primary antibody to stain amyloidogenic
gelsolin build‐up in AGel mice tissue (lower panel). D (upper panel), FAF Nb1‐3 partly inhibits C68 proteolysis in vi‐
tro. For each nanobody, from left till right, after incubation with MT1‐MMP: PG, PG*, PG* + 0.5, 1.0 and 2.0 X FAF Nb.
Numbers indicate the Nb/PG* molar ratios. D (middle panel), Linkage with the albumin‐binding MSA21 nanobody
increases serum half‐life from 4 h to more than 1 week (middle panel). D (lower panel), In vivo analysis was performed
through intraperitoneal injection in AGel mice.
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when tested through immunoprecipitation on crude bacterial lysates, but they did not cross‐
react with CapG, a protein that is structurally related to gelsolin. Unlike gelsolin, CapG is only
capable of capping actin filaments but does not sever. It is the member of the gelsolin
superfamily most closely resembling gelsolin. It possesses 49% identity with the N‐terminal
half of gelsolin.

The hypothesis was that if one of these FAF nanobodies bound to C68 in the vicinity of the
MT1‐MMP cleavage site or an important docking area, it would be able to (at least partly)
inhibit the production of the 8 kDa fragments. This was indeed confirmed by in vitro experi‐
ments. C68 was preincubated with one of the three FAF Nbs after which MT1‐MMP was added
to the mixture. Formation of the 8 kDa fragment could be followed by Western blotting, and
this showed a 70–80% reduction in the presence of a FAF nanobody, attesting to their ability
to indirectly prevent MT1‐MMP activity on gelsolin (Figure 4A and D). Nb13, a nanobody that
binds to the linker between gelsolin domains 4 and 5, did not show the same effect. Further‐
more, the FAF Nbs had no effect on the proteolysis of collagen, another substrate of MT1‐MMP.
Therefore, it was concluded that a nanobody can be used as a chaperone to prevent degrada‐
tion of a structural protein by an enzyme without directly inhibiting the activity of the enzyme.
In doing so, potential side effects may be prevented. Whether the observed effects are due to
a direct inhibition of MT1‐MMP docking on C68 or shielding the cleavage site or rather due
to an indirect structural affect caused by the binding of the Nb with C68 still remains to be
clarified. A crystal structure of MT1‐MMP bound to C68 would bring clarity in this matter.

While these results were promising at first, a new caveat presented itself when considering
that nanobodies, because of their small size, are characterized by rapid blood clearance. This
could impede their use as a therapeutic in vivo. Indeed, although their small size is mostly
advantageous, when used as a therapeutic, it is rather a burden. Thus, it seemed necessary to
increase their half‐life in the circulation as this will improve their probability of binding C68
gelsolin. To achieve this goal, FAF Nb1‐3 were coupled to the albumin‐binding nanobody
MSA21 through a short Gly‐Ser linker. This linkage did not greatly affect the binding affini‐
ty between the Nb and C68 (FAF2 = Kd: 8.4 × 10‐7 ± 4.7 × 10‐8 M, FAF2‐MSA21 = Kd: 5.4 × 10‐7 ± 
0.6 × 10‐7 M, determined by isothermal titration calorimetry). The bispecific FAF2‐MSA21 Nb
binds albumin in the bloodstream, and the formation of this larger complex should extend the
half‐life, resulting in a higher efficiency of the FAF Nb1‐3 therapeutic intervention. Serum
analysis of injected mice confirmed this assumption. While the monovalent FAF Nb1‐3 were
no longer detectable after 4 h, the bispecific format could still be clearly visualized up until one
week post‐injection (Figure 4D). Additionally, the linkage between FAFNb1‐3 and MSA21 did
not offset the MT1‐MMP–inhibiting potential in vitro. Hence, all requirements were fulfilled
to test their effect in vivo.

The in vitro results were validated using the available AGel mouse model. Over a period of
12 weeks, mice were weekly injected with 100 μg of either FAF Nb1, FAF Nb2‐MSA21 or
phosphate‐buffered saline (PBS). The trial started at the age of 4 weeks, and the nanobodies
used were the ones which performed best during the in vitro set‐up. End‐stage analysis
consisted of immunohistochemistry (IHC) and ex vivo muscle contractility measurements.
IHC revealed a decrease in amyloidogenic gelsolin staining for FAF Nb1 of 15% and FAF Nb2‐
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MSA21 of 30%. Both results were statistically significant. The difference between both
nanobody formats shows that a longer half‐life is definitely desirable in a therapeutic approach
such as this. The reduction seen with IHC in the FAF Nb2‐MSA21–treated mice translated into
improved muscle contractility and relaxation speed function in the extensor digitorum
longus (EDL). Therefore, these nanobodies are endowed with a therapeutic quality. It should
be noted that the FAF Nbs display an intermediate affinity for their target. Although clear data
in support of this contention are wanting, it seems likely that stronger binders might even have
stronger effects in vivo. Further exploration of the FAF Nb2‐MSA21 potential in human
gelsolin amyloidosis patients requires two important modification to be made. Firstly, the
MSA21 nanobody would have to be replaced by a human serum albumin binder. The longer
serum half‐life of human versus mouse albumin (19 days versus 35 h) may further lower the
administration frequency. Secondly, although nanobodies are known for their low immuno‐
genicity, humanizing their framework regions can further decrease the risk of an undesira‐
ble immune response during therapeutic intervention. More specifically, a universal
humanized nanobody scaffold has already been proposed onto which all the CDR antigen‐
binding loops could be grafted [44].

5. Intracellular targeting of the AGel pathological pathway

Thanks to their excellent stability, nanobodies are also valuable compounds to be used as
intrabodies. The reducing environment of the cytoplasm seems to have little effect on their
functionality [45, 46]. As mentioned above, the FAF Nb approach significantly reduced AGel
amyloid build‐up in vivo, but it did not completely halt the 8 kDa peptide production. AGel
pathogenesis is a two step process; a furin cleavage of mutant plasma gelsolin produces C68,
which is then on its turn cleaved by MT1‐MMP, thereby releasing 8 kDa amyloidogenic
peptides. This opens the opportunity for a double‐hit approach.

For that reason, we tested whether a different set of gelsolin nanobodies could be applied as
a chaperone for gelsolin to divert furin activity in the same manner as we had implemented
the FAF Nb1‐3 towards C68 [9].

The nanobodies used in this study were not specifically designed for this purpose. Instead,
they had been raised against wild‐type gelsolin and characterized some time ago. Through in
vitro epitope mapping experiments, Nb11 was shown to interact with the G2–G3 domains (N‐
terminal half), whereas Nb13 interacts with G4–G5 (C‐terminal half). Furthermore, both
nanobodies interact with different populations of gelsolin in cells. Indeed, Nb11 binds human
gelsolin with high affinity (Kd = 3.65 × 10‐9 ± 0.54 × 10-9 M, determined by isothermal titration
calorimetry), irrespective of whether calcium is present or not, whereas Nb13 strongly interacts
with gelsolin (Kd = 9.26 × 10-9 ± 1.61 × 10-9 M, determined by isothermal titration calorimetry),
only when the latter is activated by calcium. Both nanobodies were further shown to act as
reliable tracers of gelsolin in MCF‐7 cells when expressed as intrabodies. Both gelsolin and
nanobody are abundantly present in the cytoplasm of unstimulated MCF‐7 cells, preventing
straightforward assessment of their co‐localization. However, when the cells were stimulat‐
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ed with epidermal growth factor (EGF), both endogenous gelsolin and the nanobodies
extensively decorated membrane ruffles [47]. In view of the binding region of Nb11 in gelsolin,
it was surmised that it could interfere with furin‐mediated degradation. In analogy with the
MT1‐MMP study, these gelsolin nanobodies were incubated with PG*, and Western blotting
showed that only Nb11 reduced furin cleavage of PG* by 34% when added in concentrations
equimolar to PG* (Figure 4A and B).

This finding, however, does not guarantee that the same result will be obtained in mammali‐
an cells. Plasma gelsolin will naturally travel through the secretory pathway, but simple
expression of the nanobody will result in its cytoplasmic and nuclear localization in cells.
Hence, the nanobody will not be able to protect gelsolin. For this reason, the nanobody was
equipped with an ER signal peptide to ensure its secretion through the Golgi apparatus. Furin
naturally resides in the Golgi apparatus, and the first step in the AGel pathology takes place
in this compartment. By quantifying the amount of C68 that is secreted in the extracellular
environment, it could be confirmed that Nb11 exerts a protective effect. The cell media from
HEK cells transfected with PG* and Nb11 contained 80% less C68 compared to HEK cells solely
transfected with PG* (Figure 4B).

Although nanobodies can, and are, currently being applied in research involving intracellu‐
lar perturbation of protein‐protein interactions, at the moment there is no efficient, fail proof
method to introduce them into cells in a recombinant format. Therefore, to test whether the
observed effect of Nb11 in vitro could be reproduced in vivo, a Nb11‐expressing mouse model
had to be created. To our knowledge, this is the first transgenic mammal that contains a
therapeutic nanobody in its genome. The ER‐directed Nb11 cDNA was cloned in the pROSA‐
DV2 vector, which targets the ROSA26 locus. This locus was identified in 1991 using gene‐trap
mutagenesis screening on embryonic stem cells. Thanks to its ubiquitous expression in both
embryonic and adult tissues, over 130 knock‐in mouse lines have been created using this
cloning site. G4 ES cells were electroporated, and positive colonies were selected through
Southern blotting. Next, cells were aggregated with Swiss inner cell mass cells. These
blastocysts were transferred into pseudopregnant mice uteri, and the resulting chimeric
offspring was backcrossed with wild‐type C57BL/6 to check for germline transmission. Finally,
these mice could then be crossed with a non‐tissue specific Cre/lox‐deleter mouse strain. This
resulted in CAGG promoter‐driven Nb11 expression, resulting in the first Nb11‐expressing
mice. Nb11 could be visualized and quantified in the serum through co‐immunoprecipita‐
tion and Western blotting.

The newly developed Nb11 mouse model was crossed with AGel mice. Double positive
offspring was evaluated at three distinct time points: 3, 6 and 9 months. Gastrocnemius muscle
tissue was stained for AGel build‐up. A costaining for laminin was used as an internal control
and to discern any potential artefacts. The AGel staining was homogenous in every age group,
allowing quantification. Compared to AGel mice or littermates not expressing Nb11, a
reduction in AGel staining of 27 and 28%, respectively, could be detected at 3 and 9 months of
age. For the group of 6 months, no significant reduction could be found. The reason for this is
unclear. The group of 9‐month‐old mice was also subjected to a muscle performance evalua‐
tion. The extensor digitorum longus (EDL) muscle showed a strong attenuation of the typical
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decrease in contraction speed during the fatiguing protocol. This therapeutic effect was not
mimicked by Nb13 that binds to another region in gelsolin (G4–G5 linker) and that had no
effect on gelsolin degradation by furin. Neither Nb11 nor Nb13 showed any cross‐reactivity
with endogenous mouse gelsolin. Thus, Nb11 attenuates amyloid build‐up by (partly)
protecting gelsolin against degradation by furin. One might wonder why the reduction in AGel
staining was not as high as expected, given that Nb11 is a strong binder (Kd ∼ 5 nM) where
calcium moreover has no effect on binding. One possibility involves the relative expression
levels of gelsolin and Nb11. Western blotting with internal gelsolin and nanobody standards
indicated that both are present at roughly equimolar levels. In the AGel mouse model,
however, gelsolin is secreted from muscle, whereas nanobody expression is thought to be
secreted from multiple organs, tissues and cells, because no tissue‐specific promoter was used
to drive expression of the nanobody. Therefore, the nanobody that was detected in the serum
of these animals has multiple origins suggesting that its secretion from muscle is significant‐
ly lower as compared to gelsolin secretion. This contention however needs to be examined
experimentally.

6. In vivo visualization of AGel build‐up

AGel is a chronic, gain of toxicity, affliction. Accordingly, any therapy will have to be
administered throughout the entire lifetime of the patients. It is therefore important, during
therapy development, to test promising compounds over a long period of time and assess the
effects at different time points during the course of the trial. During the Nb11 experiments,
this had to be done by using different groups for every time point since the current methods
of AGel analysis are end‐stage [8, 9]. Not only does this greatly augment the amount of mice
needed, it also makes it impossible to evaluate the drug effect and amyloid build‐up in a
continuous manner. In the hope of resolving this drawback, we set out to develop a nano‐
body‐based imaging agent. The ultimate goal was to be able to visualize the AGel amyloid
build‐up in vivo in a non‐invasive manner. This would facilitate evaluation of drug respons‐
es at different time points over the entire course of treatment in the same animal.

6.1. Labelling of nanobody through 99mTc linkage to His6 tag

Thanks to their excellent stability, small size and single‐chain nature, nanobodies represent an
ideal antibody derived format for transformation into a radionuclide‐based amyloid imag‐
ing agent. 99mTc was the radionuclide of choice being readily available and displaying a half‐
life long enough to allow good quality imaging, but short enough to minimize the overall
radiation burden during the trial. Linking it to a nanobody is also a straightforward process.
Simply equipping the nanobody with a N‐ or C‐terminal His6 tag allows chelation with 99mTc
via the tricarbonyl method [48]. Furthermore, 99mTc is compatible with SPECT, the imaging
modality most ideal for visualization in small laboratory animals used during research trials
such as this.
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FAF Nb1‐3 were the prime candidates to be explored for their ability to serve as an imaging
tool. When administered as in vivo imaging agents, FAF Nb1‐3 are required to remain stable
for some time in the complex environment of the blood and extracellular matrix. In a prelimi‐
nary test phase, FAF Nb1‐3 were therefore incubated in C57BL/6 mouse serum at 37°C and
found to remain stable for up to 24 h without deterioration.

As a last test before the first in vivo trials, a test labelling was performed. Using instant thin‐
layer chromatography (ITLC) and reverse‐phase high‐performance liquid chromatography
(RP‐HPLC), the radiochemical purities were determined to be 99.7 ± 1.3%, 99.7 ± 0.9% and
98.3 ± 1.0% for FAF Nb1‐3, respectively.

6.2. Specificity and background signal determination

One of the key aspects of a good imaging agent is the capability of specifically generating a
high signal wherever its target is present without provoking a significant background signal.
As discussed earlier, FAF Nb1‐3 are capable of binding their target with great specificity in
vitro. To test whether this remained true in vivo, a group of 9‐month‐old WT C57BL/6 mice
were injected with 99mTc‐FAF Nb1‐3. Nanobody BcII10 against β‐lactamase of Bacillus cereus
was used as a negative control [49]. SPECT/CT images and dissection analysis revealed the
classic high kidney and bladder uptake of renal‐filtered small hydrophilic proteins of which
nanobodies are a textbook example. All the other organs showed no significant high signal
when comparing the FAF Nb1‐3 with the BcII10 control. From these data, it can be conclud‐
ed that the FAF Nb1‐3 do not show any nonspecific binding when administered to mice
(and they do not cross‐react with mouse gelsolin either).

The experiment was repeated in 9‐month‐old AGel mice (Figure 4C). At this age, the ani‐
mals show considerable gelsolin amyloid build‐up in the muscle tissue. Both FAF Nb1 and 2
showed significant uptake in skeletal muscle, heart and diaphragm. In the AGel mouse model,
these represent three out of the four tissues in which gelsolin amyloid builds up over time.
The fourth, the skin, could not be identified with the FAF Nbs, although it is possible that this
organ only becomes affected later in life. Overall, this experiment showed that FAF Nb1‐2 are
capable of specifically recognizing gelsolin amyloid build‐up in the AGel model. FAF Nb3 on
the contrary did not seem able to provoke a significant signal in the heart nor diaphragm.

The two experiments described above were used to calculate both a signal‐to‐noise and a
signal‐specificity score. The first is defined as the signals gained with FAF Nb1‐3 in AGel mice
muscle over the signal obtained in AGel mice liver. The latter is defined as the signal gained
with FAF Nb1‐3 in AGel mice over the signal gained with Nb BcII10 in AGel mice. On both
characteristics, FAF Nb1 scored the best. Combined with the fact that it also has a slightly better
affinity for the 8 kDa peptide (FAF Nb1: 3.8 × 10‐7 ± 1.2 × 10‐8 M, FAF Nb2: Kd: 8.4 × 10‐7 ± 4.7 × 
10‐8 M and FAF Nb3: Kd: 6.6 × 10‐7 ± 1.7 × 10‐7 M, determined by isothermal titration calorime‐
try), FAF Nb1 was appointed as the best candidate for further development as a AGel 99mTc‐
based imaging agent.
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6.3. Qualitative and quantitative characteristics

The ultimate goal was to see whether the FAF Nbs could be implemented as imaging tools
during the screening of potential AGel therapeutics. This of course means that not only do we
want to qualitatively image the amyloid build‐up, but we also want the rendered signal to
hold quantitative information. Only then would it be possible to track the therapeutic effect in
a longitudinal follow‐up study.

The intervention study with the gelsolin Nb11‐expressing mouse model presented an ideal
opportunity to test 99mTc‐FAF Nb1 for any quantitative properties. As stated above, by crossing
the Nb11 expressing mice with the AGel mice, we were able to reduce AGel amyloid burden
as detected by IHC. The experiment was repeated, but now, starting at the age of 3 months,
the mice underwent a SPECT/CT scan with 99mTc‐FAF Nb1 every two months. Two groups
were analyzed with IHC: one at 9 months of age and another at 11 months.

In the SPECT/CT images, the signal coming from the heart and hind leg muscle was quanti‐
fied using AMIDE software. The same size region of interest was used for every animal at
every time point. No significant differences could be discerned in the heart tissue. This is not
so surprising since IHC had revealed earlier that the heart only seems to be homogeneously
affected from the age of 7–9 months onwards. Therefore, a good quantification is not possi‐
ble before that time. In the muscle tissue, however, the SPECT/CT analysis revealed a
significant difference at the age of 7 and 9 months. Why the same was not true at 11 months,
further research will have to reveal.

At the end stages of 9 and 11 months, mice were dissected right after SPECT/CT imaging. Signal
strengths were determined for hind leg muscle and the heart. The same pattern as with SPECT/
CT analysis could be found, a difference at 9 months but not at 11 months. The same tissue
also underwent IHC, which still is the golden standard when it comes to amyloid detection
and quantification. The IHC analysis confirmed that gelsolin staining in the heart tissue is not
yet homogenous so these samples were not quantified. The muscle on the other hand showed
good overall staining. Hence, IHC confirmed the result obtained with SPECT/CT imaging and
dissection analysis, a significant difference at the age of 9 months but no longer at 11 months.

7. Future prospects

7.1. Combined therapy

Gelsolin amyloidosis is caused by a point substitution in the GSN gene which has a destabi‐
lizing effect on the second gelsolin domain. As a result a cryptic, otherwise buried, furin
cleavage site is exposed at the surface. The plasma isoform encounters furin along the secretory
pathway in the trans‐Golgi network, at which point it is cleaved, thereby releasing a 68 kDa
C-terminal fragment. In its turn, this C68 fragment is processes by MT1‐MMP–like proteases
leading to the production of 8 and 5 kDa amyloidogenic fragments.

This two‐step pathological process allows intervention at two very distinct levels. The furin
section takes place intracellularly, inside the trans-Golgi network, a site which is still quite
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troublesome to target with non‐small‐compound therapeutics. The MT1‐MMP section takes
place in the extracellular matrix, a region easily accessible through injections.

Both routes were explored, and the results are described above. Although both approaches
proved to hold a therapeutic potential, none of them completely solved the AGel pathogene‐
sis. Therefore, the next logical step is to combine them in a single therapeutic format. Once
again the single‐domain nature of nanobodies came in handy. Using straightforward clon‐
ing techniques, FAF Nb1 was linked to the C terminus of Nb11 which contains a secretion
signal. The linker between both nanobodies contains a MT1‐MMP–sensitive linker. The idea
behind the construct is that when expressed the bispecific nanobody will perform its PG*
chaperone function in the trans‐Golgi network. During secretion, the MT1‐MMP–sensitive
linker will lure MT1‐MMP away from the already lower amount of C68. This process will also
release FAF Nb1 from Nb11 in situ, making it available to chaperone C68 and further diminish
the overall production of the 8 kDa amyloidogenic pathway (Figure 5).

Figure 5. Envisioned molecular mechanism of the therapeutic bispecific Nb11‐FAF1. The left‐hand side depicts the
pathological PG* processing with the formation of C68 in the trans‐Golgi network and the 8 and 5 kDa amyloidogenic
fragments in the extracellular matrix. On the right‐hand side, the intervention with bispecific Nb11‐FAF1 is shown. In
the trans‐Golgi network, the nanobody uses its Nb11 moiety to bind PG* and (partly) protect it from furin degradation.
In the extracellular matrix, the MT1‐MMP–sensitive linker between Nb11 and FAF1 serves as a decoy. At the same
time, FAF Nb1 is released and is able to perform its C68 chaperoning effect, thereby further decreasing the overall
formation of 8 and 5 kDa amyloidogenic fragments.

This hypothesis has already been tested in vitro. A combined Furin/MT1‐MMP degradation
assay was set up. Quantification of the amount of 8 kDa peptide showed Nb11‐FAF1 outper‐
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formed both Nb11 and the individual FAF Nb1‐3. Meaning that, in vitro, the double‐hit
approach shows a synergistic effect compared to the individual therapies.

For in vivo testing, a gene therapy approach could be chosen. Adeno‐associated viruses
(AAVs) are naturally occurring, non‐pathogenic, replication‐deficient viruses. They are
capable of infecting non‐dividing cells and reside in the nucleus under the form of episomal
concatemers. This makes them ideal candidates to be used as gene therapy vectors. Their most
important downside is the limited packaging capacity of about 5 kb [50]. Given its small size,
this should not pose a problem for our Nb11‐FAF1 application. Since AGel expression in the
transgenic model is driven from muscle, a serotype with a muscle tropism would be prefer‐
ential.

7.2. Beyond AGel

The studies performed with the AGel mouse model have shown that nanobodies are useful,
potent therapeutics for both extra‐ and intracellular targets. They also highlighted that
nanobodies can be used as an imaging tool in AGel, thereby facilitating the screening of
potentially new therapeutic compounds. While AGel is an orphan disease, it should be
emphasized that this strategy can be extrapolated to other amyloidogenic afflictions. The most
infamous type of amyloidosis, Alzheimer's, actually has a quite similar pathogenesis; the
sequential proteolysis of Alzheimer's precursor protein by β‐secretase and γ‐secretase results
in the release of Aβ amyloidogenic peptides. Nanobodies against this β‐secretase have already
proven to be therapeutically active in a transgenic AD mouse model [43]. As already stated
earlier, we believe that in the long run, it would prove more beneficial to target the APP instead
of the secretases. Inhibiting a protease will most likely provoke unwanted side effects, whereas
chaperoning the target, as in the AGel research discussed in this chapter, is more unlikely to
do so.

Raising nanobodies against full length APP, s‐APP β or Aβ, may result in nanobodies that bind
near the β‐secretase cleavage or docking site and that block the formation of s‐APP β. A double‐
hit strategy as in the AGel case will most probably be more difficult to achieve. The gamma
secretase is a multiunit integral membrane protein. It cleaves transmembrane passes. At the
moment, there are no reports of nanobodies being able to integrate into the plasma mem‐
brane and remain functional. In addition, gamma secretase proteolysis also takes place in the
non‐pathogenic processing of APP. As the transmembrane part of C‐terminal fragment‐alpha
and C‐terminal fragment‐beta is identical, even a chaperone‐based intervention may pro‐
voke unwanted side effects.

Up until now, we have only discussed preventing the formation of amyloidogenic peptides.
But directly targeting the amyloidogenic peptides, after their formation, also holds great
therapeutic potential. The deposition of amyloid fibrils is the primary pathological feature of
this group of afflictions. In recent years, however, scientific research towards the initial
processes leads to fibrillation, implicated that the initial oligomeric aggregates may be the most
toxic species in amyloid pathogenesis and mature fibrils may be far less pathogenic than
previously thought [51, 52]. These new results hint to new therapeutic strategies. First, one
could try to stimulate fibrillation, thus attempting to lower the half‐life of small oligomeric
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aggregates. Secondly, one could try to remove the amyloidogenic peptides altogether as soon
as they are formed. Most likely, the latter will prove to be the most rewarding in the long run.
Because although evidence points at intermediate oligomeric species as highly toxic, the
accumulation of amyloidogenic plaques would still impede normal homeostasis of the affected
tissue from a certain point in time onwards.

FAF Nb1‐3 are currently being tested for their ability to prevent 8 kDa AGel fibrillation. With
transmission electron microscopy (TEM) and/or atomic‐force microscopy (AFM), the differ‐
ences in fibrillation could then be visualized in order to link reduced toxicity to a specific shift
in amyloid oligomerization or fibril species.

Once more Alzheimer's researchers are also exploring this route. Studying the cytotoxic
response of SH‐SY5Y cells through LDL release, they found that oligomeric Aβ provoked a
higher cytotoxic reaction compared to monomeric or fibrillar Aβ [53]. Next, the cells were
incubated with oligomeric Aβ formed in the presence of anti‐Aβ nanobodies. So far, two
distinct nanobodies have been discovered, each binding a specific oligomeric species. Both are
able to lower the intrinsic toxicity in SH‐SY5Y cells. The first, Nb A4, does so by inhibiting
further aggregation of its target. The second, Nb E1, acts in a different manner by binding to
smaller Aβ species than Nb A4, thereby interfering earlier in the fibrillation process. Binding
its target stabilizes the formation of small non‐toxic low‐n Aβ species.

It remains to be demonstrated if these approaches and beneficial effects can be translated in
model organisms or even in patients, the current findings and results obtained with nano‐
bodies in several amyloid diseases indicate that they could represent an instrument of choice
in the diagnosis and/or treatment of these debilitating disorders.
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