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Preface

There are nearly 44 million people around the world who are diagnosed with
Alzheimer’s disease. It is one of the most common diseases in Western Europe and 
the sixth leading cause of death in the United States. Every 67 seconds, someone
in the United States develops Alzheimer’s disease, while only 45% of these people
are aware of this diagnosis. In the United Kingdom, the cost of Alzheimer’s and 
dementia already exceeds £30 billion, while the global cost of Alzheimer’s and 
dementia is estimated to be around $600 billion. Similar to Alzheimer’s, the inci-
dence of Parkinson’s disease increases with age. There are around 5 million people
living with Parkinson’s disease worldwide. The combined direct and indirect cost
of Parkinson’s, including medical treatment, social care, and lost income from an
inability to work, is estimated to be nearly $25 billion per year in the United States
alone.

The most astonishing fact is that the cause of both Alzheimer’s and Parkinson’s dis-
eases, as well as other neurodegenerative maladies, is still unknown. Consequently, 
there is no effective treatment against these diseases. Medical diagnostics are
primarily based on movement disorders and signs of memory loss. Such a drastic
change in behavior is associated with neuron death, change in structures, and, 
consequently, the physiological functions of proteins.

Postmortem microscopic examination of organs and tissues of patients diagnosed 
with these severe maladies reveals amyloid plaques that contain long, unbranched, 
rod-like protein aggregates, known as amyloid fibrils. Therefore, it is concluded 
that these amyloid fibrils are associated with neurodegenerative diseases. However, 
there is a growing body of evidence suggesting that prefibrillar oligomers rather
than fibrils are responsible for the onset and progression of Alzheimer’s and 
Parkinson’s diseases.

This book provides a broad scope of research and clinical findings on amyloids. It
also provides the most recent understanding of possible treatment of neurodegen-
erative diseases and is also an excellent summary of histological and physiological 
changes that are associated with amyloid diseases. I am convinced that this book
will be interesting to a broad range of researchers ranging from graduate students
to clinical practitioners who work in this very important and interesting area of
biological research.

Dmitry Kurouski
Texas A&M University,

Department of Biochemistry and Biophysics,
TX, USA
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Chapter 1

The Clinical Spectrum of 
Amyloidosis
Aswanth Reddy, Enrique Ballesteros  
and Jonathan Scott Harrison

Abstract

Amyloidosis is a group of disorders that share a common pathobiology: in each 
case, a protein that exhibits misfolding is deposited in one or multiple organs 
leading to disruption in organ function. These amyloid proteins are recognized as 
amorphous pink material in Hematoxylin and Eosin staining, with confirmation 
by staining with Congo red and yellow or green birefringence under polarized 
light microscope. To date at least 36 different types of amyloid proteins have been 
identified. Worldwide, AA amyloidosis is the most common type, and this occurs 
secondary to chronic inflammatory disease states—such as chronic infections and 
rheumatological disorders. In western countries, the incidence of AA amyloidosis 
is decreasing, and AL is the most common type of amyloidosis, characterized by 
amyloid due to light chain deposition. ATTR amyloidosis, which can be either 
hereditary or acquired, is a unique variant of systemic amyloidosis that results 
from mutations in the transthyretin (TTR) gene. Our review will focus on clini-
cal features of the most common systemic amyloidosis, with a detailed review on 
evaluation and management of AA, AL and ATTR amyloidosis.

Keywords: AA amyloidosis, AL amyloidosis, ATTR amyloidosis

1. Introduction

Amyloidosis is a group of disorders that share the common feature of deposition 
into tissues of any one of a number of different proteins. The uniform underlying 
pathobiology is the finding that in each case, the protein—termed amyloid—deposited  
into the target organ has undergone abnormal three-dimensional folding. The 
abnormal folding of the peptide results in accumulation in tissues as micro-
fibrillary structures. The deposition of amyloid protein, regardless of which specific 
protein forms the amyloid, results in disruption in the function of the organ in 
which the amyloid protein is deposited. The common histopathologic feature of 
all amyloidosis is the finding, by light microscopy, of amorphous protein in one or 
more organs, typically initially recognized upon histologic review of a biopsy, as an 
amorphous pink material on Hematoxylin and Eosin staining (Figure 1). Per the 
International Society of Amyloidosis 2016 nomenclature guidelines, amyloid fibrils 
must exhibit affinity for the histologic stain Congo red, showing green, yellow or 
orange birefringence when the Congo red-stained deposits are viewed with polar-
ized light. At least 36 different proteins can undergo abnormal folding and result 
in deposition of amyloid, causing clinical disease. It is conventional to describe a 
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particular amyloid protein as “Amyloid Protein AX,” where the X is a suffix to the 
designation, based on the identity of the amyloid protein. The more commonly 
encountered subtypes are, for example Amyloid Protein AL, Amyloid Protein AA, 
and Amyloid Protein ATTR, as discussed below. This chapter is an overview of the 
different categories of amyloidosis, with a focus on the clinical features, prognosis, 
and management of focal or systemic amyloidosis. Symptoms depend on the type 
and amount of amyloid protein, and are often variable. The manifestations depend 
on the identity of the underlying protein that forms the amyloid fibrils, the burden 
of amyloid, and the organs involved, as well as comorbidities of an individual 
patient (see Table 1).

2. Types of systemic amyloidosis

2.1 AA amyloidosis

Worldwide, AA amyloidosis is the most common type of systemic amyloidosis. 
Although AA amyloid currently is the most common form of amyloidosis, the 
incidence is decreasing over time in western countries. This has been attributed 
to a significant decrease in chronic infections, as well as improved therapies for 

Figure 1. 
Photomicrographs of a lymph node biopsy with AL amyloidosis. Panel A: 10× magnification of a left axillary 
lymph node biopsy stained using Hematoxylin and Eosin, demonstrating amorphous pink material typical 
of amyloid infiltration. White areas are fat that has been leached from the tissue in processing. Panel B: 10× 
magnification of the same lymph node stained using Congo red, viewed by light microscopy.

Symptoms commonly seen in systemic amyloidosis
Fatigue
Edema at one or more sites
Lightheadedness upon standing (due to orthostatic hypotension)
Diarrhea
Focal pain (due to peripheral neuropathy)

Physical signs commonly seen in systemic amyloidosis
Edema at one or more sites (due to either heart failure, nephrotic syndrome, or both)
Focal mass lesions (amyloid deposition focally)
Orthostatic hypotension (due to autonomic nerve dysfunction)
enlarged tongue (macroglossia)
Purpura (due to either coagulation disorder, skin fragility due to amyloid infiltration, or both)

Table 1. 
Clinical manifestation of systemic amyloidosis.
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inflammatory diseases. A review from the UK in 2013 estimated in excess of 8.0 
per million cases of amyloidosis every year and AA being second most common 
(18%) [1]. The underlying causes of systemic AA amyloidosis include a wide range 
of inflammatory diseases, including but not limited to chronic inflammatory 
disorders, infections, and malignancy (Table 2). The amyloid fibril AA is most 
often a result of abnormal folding and aggregation of serum apolipoprotein A 
(SAA), which is an acute phase reactant—that is, the level becomes elevated in the 
blood in response to inflammation [2]. AA amyloid fibrils form through a process 
of cleavage, misfolding, and aggregation into a highly ordered abnormal β-sheet 
conformation. Amyloid fibrils associate anatomically with other moieties, including 
glycosaminoglycans and serum amyloid P component (SAP), forming deposits that 
disrupt the structure and function of tissues and organs [3].

In the healthy, physiological state in humans, the serum SAA concentration is 
relatively low, but the level increases about a thousand fold during an inflammatory 
reaction. In humans, SAA is expressed in three different isoforms: SAA1, SAA2 
and SAA4 and are encoded by different genes. SAA1 and SAA2 are solely expressed 
in liver and are entirely bound to plasma High Density Lipoprotein in plasma [4]. 
Inflammation increases the secretion of cytokines, including IL-1, IL-6 and TNF, 
which in turn increases the production of SAA [5]. SAA functions to transport 
and recycle cholesterol from sites of tissue injury, thereby modulating the immune 
response. Not all individuals with high SAA levels develop amyloidosis; it appears 
that certain polymorphisms and mutations in the SAA genes predispose to abnormal 
protein folding and therefore amyloid formation [6]. The formation of amyloid fibril 
from precursor SAA protein is the result of complex interaction with glycosamino-
glycans, including most prominently heparan sulfate [7]. Impairing this interaction 
or the degrading of heparan sulfate by a heparinase has been shown to prevent 
formation of amyloid fibrils, and this has led to an area of research for potential 
treatment.

More recently, a protein named A Leukocyte Chemotactic factor 2 (ALECT2) 
protein has been shown to be a cause of AA amyloidosis, with a propensity to cause 
renal amyloidosis [8]. The human ALECT2 gene, discovered only in 2008, has been 
localized to chromosome 5 (5q31.1-q32) [9]. ALECT2 is being increasingly recog-
nized as a cause of AA amyloidosis.

Inherited forms of AA amyloidosis arise due to mutations in a variety of pro-
teins that can undergo abnormal folding and consequent deposition into tissues, 

Chronic disorders [64–66] Infections Malignancy [74]

Rheumatoid arthritis (RA)
Alzheimer’s disease
Juvenile idiopathic arthritis
Ankylosing spondylitis
Psoriasis and psoriatic arthritis
Still disease [67]
Behçet syndrome [68]
Familial Mediterranean fever
Crohn’s disease
Castleman disease [69]
Cryopyrin-associated periodic syndromes 
(CAPS) [70]
TNF-receptor–associated periodic fever 
syndrome
Vasculitis

Leprosy [71]
Osteomyelitis
Tuberculosis [72]
Chronic bronchiectasis 
[73]

Hodgkin disease
Non-Hodgkin lymphoma
Renal cell carcinoma
Gastrointestinal cancers
Lung cancer [75]
Urogenital carcinoma
Mesothelioma [76]

Table 2. 
Causes of AA amyloidosis.
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resulting in organ dysfunction. These include mutations in the genes encoding 
transthyretin, the fibrinogen A α-chain, apolipoprotein A-I, apolipoprotein A-II, 
and lysozyme [10]. These mutations appear to account for the vast majority of 
relatively rare familial amyloidosis. Each of these has clinical characteristics that are 
somewhat peculiar to the specific etiology of the inherited disorder.

2.1.1 Clinical features of systemic AA amyloidosis

Amyloidosis may be localized, or systemic. The clinical symptoms of AA 
amyloidosis depend on the organ involved by the amyloid fibril. Liver and spleen 
are the most common sites of deposition, but they are asymptomatic until late in the 
course of the disease. Hepatosplenomegaly and adrenal insufficiency are common 
in the advanced stage of AA amyloidosis. Renal involvement damages the glomeru-
lar membrane, resulting in nephrotic syndrome and proteinuria. Proteinuria is one 
of the earliest signs of AA amyloidosis, and seen in approximately 95% of patients 
with AA amyloidosis [2, 11]. Persistent, untreated renal damage results in end stage 
renal disease (ESRD), requiring some form of renal substitute therapy—either 
dialysis or renal transplantation. Cardiac involvement is by deposition of fibrils into 
cardiac muscle, but clinical cardiac dysfunction is extremely rare in AA amyloido-
sis, occurring in only 2% of patients in most series [12]. Gastrointestinal involve-
ment results in diarrhea, malabsorption and pseudo obstruction of the bowel. There 
are several reports of thyroid gland involvement, manifesting as goiter [13].

2.1.2 Treatment

Treatment of AA amyloidosis is challenging due to diverse underlying causes. 
Ideally, in inflammatory disorders—whether chronic infectious disease (e.g., 
mycobacterium tuberculosis, staphylococcal osteomyelitis, and other chronic 
infections), autoimmune disease (e.g., rheumatoid arthritis, scleroderma, and 
other immune mediated inflammatory diseases), idiopathic (e.g., sarcoidosis), and 
chronic low-grade malignancy (e.g., B and T cell low-grade lymphomas, Hodgkin 
disease) the treatment of AA amyloidosis is the treatment of the underlying disease 
process. The role of controlling inflammation is also essential in the management 
of AA amyloidosis in patients with chronic rheumatologic diseases. In the era of 
advanced therapies, the incidence of rheumatic arthritis leading to AA amyloidosis 
has declined significantly; this was at one time among the most common causes. 
Specific treatments such as surgical excision in Castleman disease, high dose colchi-
cine for familial Mediterranean fever (FMF) and effective therapy for tuberculosis 
have shown to significantly reduce serum SAA levels thereby improvement in end 
organ dysfunction. Treatments of malignancy with chemotherapy and surgery have 
shown to reverse organ function.

Several anti-inflammatory agents have been studied as potential therapy to 
reduce the levels of SAA. Tocilizumab, a monoclonal antibody against IL-6 has been 
successful in significantly reducing circulating levels of SAA when used in autoim-
mune diseases. A recent series showed significant reduction in acute phase reactants 
as well as an improvement in proteinuria in patients treated with Tocilizumab for 
FMF [14].

In vitro studies have shown low molecular weight heparin to impair amyloid 
deposition by impeding the structural changes necessary for fibril formation. 
Eporsidate, a sulfonated small molecule similar to heparin sulfate binds competi-
tively to glycosaminoglycan and reduces inflammation and amyloid deposition. 
This was initially studied as an agent to retard progressive renal failure, and it 
resulted in a favorable response in a phase II clinical trial [15]. Unfortunately, a 
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phase III trial did not meet the targeted endpoints, and so Eporsidate has not been 
developed further to date [16]. Dimethyl sulfoxide (DMSO) is a derivative of 
intercellular low-density lipoprotein, which reduces levels of acute phase reactants 
including SAA, and has been shown to improve symptoms in patients with gastro-
intestinal involvement by AA amyloid [17].

Anti-SAP antibody, R-1-[6-[R-2-carboxy-pyrrolidin-1-yl]-6-oxo-hexanoyl] 
pyrrolidine-2-carboxylic acid (CPHPC) was studied in Al and AA amyloidosis 
with favorable responses in an open label study [18]. A recent phase Ib trial of SAP 
inhibitor, Miridesap followed by humanized monoclonal antibody Dezamizumab 
against SAP showed clearance of amyloid fibrils in liver and spleen, confirmed by 
I-SAP scintigraphy [19]. Further studies are ongoing and these treatments are a real 
potential for future management of amyloidosis.

2.2 AL amyloidosis

AL amyloidosis results from the deposition of abnormally folded immunoglobu-
lin light chains into tissues. The formation of amyloid fibrils from immunoglobulin 
light chains requires abnormal three-dimensional folding of the light chain, result-
ing in filaments of β-sheets of relatively insoluble protein [20]. AL amyloid may arise 
from either polyclonal immunoglobulin light chains or, much more commonly, from 
monoclonal immunoglobulin light chains. In order for polyclonal AL amyloidosis 
to result, however, the light chains must fold abnormally—in order to form amyloid 
and accumulate in target organs. Further, the local concentration of these peptides 
must, in general, be high. In AL amyloidosis, whether polyclonal or monoclonal, the 
specific light chains have a peptide sequence that results in a predisposition to abnor-
mal folding of the peptide. In some cases, this appears to be due to genetic polymor-
phisms in the light chain gene structure. Among the variable regions of the light 
chain gene products, several (Vλ1, Vλ2, Vλ3, Vλ6, and Vκ1) are over-represented as 
amyloid protein, suggesting that these peptide sequences have a predilection to fold 
abnormally and become amyloid. In monoclonal AL amyloidosis, the tendency of 
monoclonal light chain to fold abnormally may be due, rather, to a mutational event 
attributable to genomic instability of the clone, rather than a genetic polymorphism 
in the light chain sequence. Several laboratories have demonstrated that peptide 
sequences from patients with different levels of secreted light chain have distinct dif-
ferences in the location of non-conservative mutations in the light chain genes. This 
implies that the location of non-conservative mutations may be one determinant 
of the amyloidogenic propensity of light chains in some cases. Three-dimensional 
structure analyses and site-mutagenesis experiments indicate that both replacement 
of conserved polar residues in light chains, and loss of hydrogen bonding sites, 
are common features seen in amyloidogenic immunoglobulin light chains [21–24]. 
Separately, there is evidence that posttranslational modification of light chains can 
influence the propensity for amyloid to accumulate, including peptide glycosylation, 
lysine modification, and rate of proteolysis. Impaired function of metalloproteases 
that degrade extracellular matrix proteins have been implicated in the propensity 
of amyloid to accumulate. There is also strong evidence that glycosaminoglycans 
of the extracellular matrix—particularly heparan sulfate, but also dermatan sulfate 
and chondroitin sulfate, interact with amyloid protein, providing a scaffold for the 
polymerized amyloid fibrils [25]. The relative concentration of these glycosamino-
glycans appears to impact on the propensity of amyloid to be deposited. It should 
be noted that in a recent series from China, Huang and Liu reported that immu-
noglobulin heavy chain amyloidosis accounted for 3.7% of cases of amyloidosis, as 
compared to AL amyloidosis accounting for 93% of cases. In that report, AA amyloi-
dosis accounted for only 2.2% of all patients with systemic amyloidosis [26].
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2.2.1 Polyclonal AL amyloidosis

The Mayo Clinic pioneered the use of Mass Spectroscopy and High Performance 
Chromatography to identify the specific proteins present in amyloid tissue speci-
mens. They have applied that technology to determine, from patient samples, 
whether a patient’s amyloid is AA or AL, and to further characterize if an AL 
specimen is entirely kappa or lambda light chains—consistent with a monoclonal 
process; or if the AL amyloid is an approximately equal mix of both kappa and 
lambda light chains—suggesting a polyclonal process. In a 2013 report, Grogg and 
colleagues identified two patients with pulmonary amyloidosis in whom Liquid 
Chromatography-Mass Spectroscopy documented equal amounts of kappa and of 
lambda light chain in the amyloid deposits. In addition, the polyclonal identity of 
the amyloid was demonstrated by immunohistochemical staining for kappa and 
lambda light chains, and polymerase chain reaction amplification of immunoglobu-
lin gene sequence showed only a polyclonal population in these patients [27]. In 
2016, the Mayo Clinic studied in detail a patient with localized amyloidosis of the 
oropharynx. Liquid Chromatography and Mass Spectroscopy documented poly-
clonal AL amyloid, with equal proportions of kappa and lambda light chains pres-
ent. No monoclonal protein was identified, and no monoclonal lymphoid or plasma 
cell population was present. Thus, this group has well documented the process of 
localized amyloidosis attributable to polyclonal light chain deposition. In that report 
they also summarized data regarding an additional 17 patients identified from the 
medical literature with isolated amyloidosis of the palate [28]. In three of those 
seventeen cases, a plasma cell dyscrasia was present (MGUS in two and myeloma in 
one). Similarly, Wey and colleagues from Taiwan reported a patient with Sjogren’s 
syndrome complicated by localized, cutaneous nodular amyloidosis of the legs. In 
this case, C-reactive protein 0.12 mg/dL antinuclear antibody titer, anti-centromere 
antibody titer, and anti-Ro/SSA antibody titer were all pathologically elevated and 
polyclonal gammaglobulinemia was detected by serum immune-electrophoresis 
[29]. Thus, multiple investigators have substantiated the observation that AL 
amyloid can be polyclonal. Definitive data regarding the relative incidence of 
monoclonal versus polyclonal AL amyloid is not available. However, it does appear 
from these cases that polyclonal AL amyloidosis seems to be a more indolent process 
and less aggressive than AL amyloidosis, and is most often a localized process. In 
these cases, local therapy appears likely to control the disease. Nonetheless, there 
are documented cases of systemic polyclonal AL amyloidosis with multi-organ 
involvement and relatively poor prognosis as compared to age-matched individuals 
without amyloidosis.

Localized amyloidosis is much rarer than systemic amyloidosis, predominantly 
affects the skin or mucosal tissues (86%), and is usually of the AL subtype (98%). 
It is generally accepted that localized AL amyloidosis results from monoclonal 
light chains. However, the most recent amyloid nomenclature developed by the 
International Society of Amyloidosis in 2014 does not distinguish between mono-
clonal and polyclonal sources.

2.2.2 Monoclonal AL amyloidosis

In contrast to polyclonal AL amyloidosis, monoclonal AL amyloidosis is typically 
an aggressive, multi-organ disease with a generally poor prognosis. The disease 
process is driven by production of a monoclonal immunoglobulin light chain—
hence the name AL (amyloid, light chain). As noted previously, only a minority 
of monoclonal light chain gammopathy results in amyloidosis. The exonic coding 
sequence for the specific light chain will most often have either a mutation, or a 
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polymorphism, that results in abnormal protein folding, in order for the light chain 
to be deposited as amyloid and cause organ dysfunction, as previously discussed. 
AL amyloid is found both extracellularly and intracellularly, in affected organs. 
Kyle and colleagues at the Mayo Clinic reported that the incidence of AL amyloid 
in Olmsted County, Minnesota, was in the range of 3–5 cases per million annually 
[30]. Others have estimated the annual incidence to be in the range of 10–14 patients 
per million. In contrast, it is estimated that the annual incidence of MGUS in men is 
120 per 100,000 population at the age of 50 years, and increases to 530 per 100,000 
population at the age of 90 years. The incidence of multiple myeloma is in the range 
of 85 cases per million annually in the United States. Thus, only a very small minor-
ity of patients with MGUS or overt multiple myeloma develop clinical AL amyloi-
dosis. The average age at diagnosis of patients with AL amyloidosis is approximately 
64. The disease appears to occur more commonly in males than females [31].

Presenting signs and symptoms of amyloidosis are the consequences of spe-
cific organ involvement. Cardiac involvement occurs in the majority of patients 
diagnosed as having AL amyloidosis, most typically presenting with symptoms 
and signs of heart failure syndrome but with a preserved left ventricular ejection 
fraction. In an excellent recent review, Gertz reported that 71% of patients with 
AL amyloidosis seen at the Mayo Clinic had cardiac involvement, with 58% hav-
ing kidney disease [32]. Renal involvement most often includes nephrotic range 
proteinuria; in an early series reported by Kyle in 1975, of all patients reviewed in 
that series with any type of amyloidosis, approximately 90% had some degree of 
proteinuria. Neurologic involvement occurs in approximately 25% of patients, and 
may include peripheral neuropathies, including, most commonly carpet tunnel 
syndrome; or autonomic neuropathy—most prominently orthostatic hypotension 
but also including anhydrosis [33]. Organ enlargement is common, with as many 
as half of patients having hepatomegaly, and an enlarged tongue (macroglossia) 
occurs in approximately a quarter of patients. Kyle also described purpura, particu-
larly periorbital purpura, as a notable finding.

AL amyloid is most commonly a systemic disorder. However, there are cases of 
AL amyloidosis localized to a single site. The sites of localized AL amyloid reported 
include the skin, the larynx, the gastrointestinal tract, and the urinary bladder. 
Diagnosis must be confirmed by tissue biopsy, in order to demonstrate the pres-
ence of the amyloid by Congo red histologic staining. When a clinician encounters 
a patient over the age of 60 with suspected systemic AL amyloidosis, serum protein 
electrophoresis is essential to determine if a monoclonal serum para-protein is 
present. If a monoclonal protein is either suspected or identified, then serum protein 
immune-electro fixation or immunoelectrophoresis is indicated. Once a monoclonal 
serum paraprotein is identified, bone marrow biopsy and aspirate should be obtained 
in order to assess the percentage of clonal plasma cells infiltrating of the marrow, 
and determine if the patient meets the criteria for diagnosis of multiple myeloma or 
a lymphoplasmacytic lymphoma. In patients with a clonal AL amyloid, treatment 
to eradicate the clone of plasma cells or lymphocytes producing the light chain, if 
successful, will prevent synthesis of new immunoglobulin light chains, and, if the 
patient can be supported to survive long enough, organ recovery may occur over 
time as the relatively insoluble amyloid is ultimately metabolized and broken down.

2.2.3 Clinical features of AL amyloidosis

The clinical features of AL amyloidosis are extremely variable from one patient 
to the next; nearly every organ can potentially be involved. However, the disease 
has a stereotypic pattern of presentation in many cases. As noted earlier, systemic 
AL amyloidosis involves the heart in approximately 70–80% of cases, depending 
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on the series. The most common clinical presentation of symptomatic organic 
heart disease due to AL amyloidosis is heart failure syndrome, with dyspnea and 
often leg swelling (edema), although angina pectoris (chest pain due to ischemia) 
may also occur, as well as arrhythmias. Prior to onset of clinically evident heart 
disease, nearly all patients with cardiac involvement by amyloidosis will have an 
elevated serum level of N-terminal Pro-natriuretic peptide Type B (NT-ProBNP). 
Progressive elevation of the Pro-BNP correlates with progressively poorer prog-
nosis, and the level of Pro-BNP is a criterion for risk stratification and prognosis 
in several staging systems for cardiac amyloidosis. Similarly, cardiac troponin T 
(cTnT) and cardiac troponin I (cTnI) are sensitive (although not specific) mark-
ers of myocardial damage. The degree of elevation of these proteins are additional 
markers of myocardial cell damage in cardiac amyloidosis [34]. A characteristic 
finding on electrocardiogram is decreased voltage in the limb leads, as compared 
to normal; however, this is not a consistent finding even in patients with biopsy 
proven cardiac amyloidosis. Imaging of the heart by echocardiogram may demon-
strate the characteristic amyloidosis findings of pathologically increased ventricular 
wall thickness, as well as a granular, sparkling appearance of the myocardium on 
three-dimensional echocardiographic imaging. Again, there is the caveat that early 
in the disease process these findings may not be evident. A longitudinal “strain” 
pattern may also be present, but again is not a specific finding for amyloidosis 
[35]. Technetium-99 pyrophosphate scanning of the heart, particularly with single 
photon emission computed tomography (SPECT), is a sensitive imaging technique 
that will show retention of the radionuclide in cases of cardiac amyloidosis; this 
is widely considered a diagnostic study of choice. Technetium-99 pyrophosphate 
scanning of the heart can often distinguish between ATTR amyloid and AL amy-
loid. Magnetic Resonance Imaging of the heart using the contrast agent gadolinium 
for enhancement, a more costly approach than echocardiogram or Technetium-99 
scan, can provide evidence of cardiac amyloidosis. Delayed enhancement pulse 
sequences following infusion of the gadolinium will most often demonstrate a 
diffuse and irregular hyper-enhancement of the myocardium in patients with 
cardiac amyloidosis. Subendocardial late gadolinium enhancement (LGE) occurs 
more commonly in AL amyloidosis, and transmural LGE more commonly in ATTR 
cardiac amyloidosis. In this context, even greater specificity may be achieved 
using a Magnetic Resonance Imaging technique termed “myocardial nulling.” This 
technique exploits the observation that gadolinium contrast accumulates exces-
sively and abnormally in myocardial tissue, that has accumulated amyloid, and the 
findings are quite specific for amyloidosis of the heart.

Several groups have developed staging systems that stratify cardiac prognosis in 
patients with AL amyloidosis. The Mayo Clinic group Cardiac Staging System strati-
fies patients based on the combination of NT-proBNP together with either the cTnT 
or the cTnI. These parameters may be used to assess prognosis at the time of initial 
diagnosis, and often form a part of eligibility criteria for clinical trials [36].

As noted, clinically evident heart disease in AL amyloidosis manifests most often 
as congestive heart failure syndrome, despite preservation of the left ventricular 
ejection fraction. The symptoms most often include fatigue and exertional dyspnea, 
as well as edema due to heart failure, in some cases. Signs may include a lateral 
shift of the cardiac point of maximal impulse, as well as adventitial heart sounds 
and murmurs. Cardiomegaly may be evident on chest radiogram. Due to amyloid 
deposition, a fraction of patients will have electrical conduction abnormalities, 
and resultant cardiac arrhythmias. Such arrhythmias may result in sudden cardiac 
death, if the abnormal rhythm does not result in non-lethal signs or symptoms first.

Second to cardiac manifestations, the most common organ clinically involved 
by systemic AL amyloidosis are the kidneys. Kidney disease due to amyloid seen in 
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approximately 50–60% of patients, depending on the series. The organ tropism of 
AL amyloid correlates with the variable region gene sequence, and the IGLV6-57 
gene sequence appears to predispose to renal involvement. Within the affected 
kidney, amyloid deposits are seen prominently in the glomeruli, with additional 
amyloid seen in blood vessels, in tubular-basement membranes, and in the inter-
stitial space. Uptake of amyloid by mesangial cells induces a functional change 
in phenotype resulting in cellular dysfunction. In experimental models, uptake 
of amyloid results in a transformation of a mesangial cell from a smooth muscle 
cells to a macrophage phenotype. Renal dysfunction clinically is typically manifest 
first as a protein wasting process, which typically progresses to nephrotic range 
proteinuria. Nephrotic range proteinuria results in edema and with time leads to 
chronic kidney disease with progressive edema, followed by electrolyte disorders 
and progressively worsening glomerular filtration rate [37]. Because of urinary loss 
of natural anticoagulants such as Protein C, which has a relatively short half-life, 
venous thrombosis may occur in patients with Amyloidosis and renal disease. Both 
renal involvement by AL amyloidosis, and cardiac disease due to AL amyloidosis, 
contribute to the generalized weakness experienced by a majority of patients who 
have AL amyloidosis.

The nervous system is clinically involved in AL amyloidosis in approximately 
20% of patients. The most common neurologic process seen is a sensory periph-
eral neuropathy, which is often painful. Dysautonomia is also seen, particularly 
manifesting as orthostatic hypotension due to amyloid damaging the autonomic 
regulation of blood pressure. Orthostatic hypotension can be disabling, and may 
result in falls and therefore fractures. Patients with severe orthostatic hypotension 
may remain bedridden to avoid symptoms, and are then at risk both for developing 
decubitus ulcers, as well as venous thromboses. Myopathy may also occur because 
of AL amyloid deposition, and may present as pseudo-hypertrophy, or may clini-
cally mimic other muscle wasting diseases [38].

The gastrointestinal tract is involved by AL amyloidosis. In a recent report 
from Stanford University Medical Center, Yen and colleagues reported that in a 
retrospective analysis of 583 patients with amyloidosis, approximately 16% had 
gastrointestinal symptoms. They observed that 50% of patients with amyloid had 
nausea, vomiting, or abdominal pain. In this cohort, approximately 82% of patients 
had AL amyloid. A classic finding reported in the earliest descriptions of amyloi-
dosis is macroglossia, an enlarged tongue. However, it is estimated that this is seen 
in only about 15% of patients [39]. Malabsorption is often seen in amyloidosis of 
the gastrointestinal tract, with consequence diarrhea, abdominal discomfort, and 
weight loss on this basis.

Patients with kappa light chain AL amyloidosis have been reported to have a 
greater propensity for hepatic involvement than lambda light chain amyloidosis 
[40]. In contrast, dominant soft-tissue and bone involvement is associated with the 
IGLV3-1 gene, and in some reports, the Kappa 1 light chain. Hepatic involvement is 
typically manifest as hepatomegaly, and biopsy typically documents the presence 
of amyloid [41]. Splenomegaly is also common, particularly when hepatomegaly is 
present, and splenomegaly may result in blood cell sequestration in the spleen, with 
cytopenias.

Amyloid infiltration has been reported in virtually every gland, although these 
reports suggest that direct endocrine dysfunction due to amyloidosis is relatively 
less common than involvement by the heart, kidneys, and neurologic systems [42]. 
Amyloidosis of the breast have been reported, as well as amyloidosis of the seminal 
vesicles also occurs. Amyloidosis can infiltrate the pancreas, and amyloid infiltra-
tion of the adrenal gland may result in adrenal insufficiency. Similarly, amyloid 
infiltration of the pituitary gland can result in polyendocrine dysfunction.
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Cutaneous AL amyloidosis is well described, and most often presents as either 
hemorrhagic bullous lesions, or, classically, as purpura or ecchymosis. Among the 
early classic descriptions of cutaneous manifestations of amyloidosis is the phe-
nomenon of periorbital purpura [43].

Patients with AL amyloidosis may have one or more acquired coagulopathies, 
resulting in a bleeding diathesis. This may be due to impaired synthesis of clotting 
proteins by a liver involved by amyloid infiltration; however, adsorption of coagula-
tion proteins, most commonly Factor X, but other factors as well, results in increased 
clearance of coagulation proteins and a bleeding disorder. Other than Factor X, 
adsorption of Factor V and of von Willebrand factor have been reported in a number 
of series. In such cases, frequent infusion of the deficient factor can temporarily 
control bleeding [44]. An algorithm for diagnostic evaluation is seen in Figure 2.

2.2.4 Treatment of AL amyloidosis

Management of AL amyloidosis is, in the first instance, management of end-
organ dysfunction, with the goal to support the patient. However, definitive therapy 
requires eradication of the clone of B cells producing the immunoglobulin light 
chains that are misfolded and deposited as amyloid. Clinical trials have documented 
that the combination of the alkylating anti-neoplastic agent l-phenylalanine 
mustard (Melphalan) together with a potent corticosteroid such as Prednisone or 
Dexamethasone, can suppress production of new light chains, and, with adequate 
time, alter the balance of production and very slow degradation of AL amyloid. 
High dose Melphalan with autologous hematopoietic rescue was compared to con-
ventional dose Melphalan plus dexamethasone in a prospective, randomized clinical 
trial published in 2007 [45]. That study reported inferior survival for patients 
randomized to high dose chemotherapy with autologous hematopoietic rescue 
(autologous transplant). However, in the past decade, the morbidity and mortal-
ity from autologous transplant has declined, and the risk-benefit ratio appears 
to have improved. An analysis by the Center for International Blood and Marrow 
Transplant Research (CIBMTR) published in 2015 reported that five-year overall 
survival following autologous transplant for AL amyloidosis had improved from 
55% during the period of 1995–2000, to 77% in the time period from 2007 to 2012. 
Thus, outcome for transplant now appears superior to outcome from conventional 
dose anti-neoplastic therapy [46]. However, there have been no new prospective 
randomized clinical trials of autologous transplant versus non-transplant therapy. 
Newer therapies that are effective in reducing the burden of neoplastic plasma cells 
producing AL amyloid include proteasome inhibitors, and monoclonal antibodies 
that target plasma cells, such as daratumumab, an anti-CD38 monoclonal antibody. 
There are being studied, with promising results; however, no mature randomized 
data is available as of this writing from use of the agents. Anti-SAP antibody is a 
promising modality that appears to remove AL amyloid with relative efficiency; 
however, this agent remains investigational as of this writing [47].

2.3 ATTR amyloidosis

Hereditary transthyretin amyloidosis is an autosomal dominant, progressive, 
life-threatening disease caused by mutations in the gene encoding transthyretin. 
Transthyretin (TTR) is a homotetramer plasma transport protein secreted primar-
ily by liver but also in retinal pigment epithelium and choroid plexus. It functions to 
transport thyroxine and retinol-binding protein and hence the name transthyretin 
[48]. ATTR amyloidosis results from deposition of abnormal TTR protein, which 
is a result of destabilized TTR-tetramer misfolding and fibril formation. ATTR 
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amyloidosis can be hereditary or wild type. There are more the 130 mutations 
identified worldwide in the hereditary form with the most common being Val30Met 
mutation [49]. ATTR amyloidosis is a rare disease but recently it has been identi-
fied more commonly from advances in diagnostics. Wild type ATTR, occasionally 
called senile systemic amyloidosis because of the late age of onset is reported at an 
incidence of 10% in people more than 80 years of age [50].

Figure 2. 
Diagnostic algorithm of systemic amyloidosis.
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2.3.1 Clinical features of ATTR amyloidosis

Phenotypically the ATTR results in clinical syndrome with respect to the organ 
involved. The three main clinical entities are polyneuropathy, cardiomyopathy and 
leptomeningeal disease. Fiber length-dependent neuropathy is pathognomonic of 
the disease. In the initial phase, small fiber neuropathy results in pain, paresthesia, 
allodynia, hyperalgesia, dysesthesia and impaired sensation to temperature. In later 
stages, large fiber dysfunction results in loss of vibration sense and balance, ulti-
mately leading to difficulty with ambulation from progressive motor weakness [51]. 
Autonomic dysfunction results in orthostatic hypotension, neurogenic bladder, 
sexual dysfunction and gastrointestinal symptoms such as diarrhea and/or consti-
pation [52]. Some patients with wild type ATTR develop carpel tunnel syndrome 
as their initial presentation and are also related to specific TTR mutations such as 
Leu58His, Ile84Ser and Tyr114His [53].

Familial amyloid cardiomyopathy occurs commonly with Val122Ile TTR muta-
tion and they present with EKG abnormalities, heart failure, intractable arrhyth-
mias and conduction abnormalities. Echocardiogram reveals a granular sparkling 
with ventricular and septal wall thickening [54]. MRI can show a classical late 
gadolinium enhancement but cardiac scintigraphy by Technetium-99 m pyrophos-
phate has the highest sensitivity and specificity in diagnosis [55]. Leptomeningeal 
amyloidosis occurs in patients with Asp18Gly, Ala25Thr and Tyr114Cys mutations. 
TTR protein is secreted by choroid plexus and gets deposited in cerebral and sub-
arachnoid blood vessels and leptomeninges [49, 56]. Symptoms include transient 
ischemic attack, cerebral infarction or hemorrhage, subarachnoid hemorrhage, 
hydrocephalus, ataxia, spastic paralysis, convulsion, and dementia. Isolated lep-
tomeningeal involvement is infrequent and occurs in patients harboring Val30Met 
mutation [57]. Ocular, renal and isolated gastrointestinal involvements are also 
reported in ATTR amyloidosis.

2.3.2 Treatment of ATTR amyloidosis

Once untreatable, hereditary ATTR amyloidosis is now primarily treated with 
liver transplantation, especially in Japan where it has shown better survival benefit 
and life expectancy. Liver transplantation is not widely practiced outside Japan due 
to low availability of living donors [58]. The transplantation replaces the abnormal 
TTR protein to a wild type protein. Overall studies have shown better outcomes in 
patients with early disease and Val30Met mutation compared to late onset and non-
Val30Met patients. Leptomeningeal disease and retinal involvement do not improve 
by liver transplantation. Cardiac involvement continues to progress even after liver 
transplantation in some cases due to deposition of wild type ATTR.

Although liver transplantation has better outcome, not all patients are eligible 
due to advanced disease and multiple other sites of involvement. The tetramer 
destabilization is the initial step in the process of amyloid fibril formation and this 
was studied as a potential for treatment. Tafamidis, a benzoxazole derivative binds 
to thyroxine-binding sites of transthyretin and inhibits the dissociation of tetramers 
thereby blocking the rate-limiting step in monomer formation. In a randomized 
double-blinded phase II/III study in patients with polyneuropathy, Tafamidis did 
not meet the co-primary endpoints in the intention to treat population but did 
show significant improvement of neuropathy improvement score and quality of life 
in efficacy-evaluable population [59]. In another Phase III study for patients with 
ATTR related cardiomyopathy, Tafamidis was superior to placebo in decreasing the 
all-cause mortality and cardiovascular-related hospitalizations [60]. It is approved 
in both Europe and Japan for use in familial amyloid polyneuropathy and received 
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FDA approval in the United States in 2018 for treatment of transthyretin cardio-
myopathy. Difunisal, a nonsteroidal anti-inflammatory drug used to treat pain and 
osteoarthritis was studied as an agent to stabilize the amyloid tetramer. It functions 
by binding to the T4 binding site in TTR. In a phase II/III study it had significant 
improvement in neuropathy score in patients with amyloid polyneuropathy [61].

RNA interference is a phenomenon in which the gene expression is blocked 
by small RNA molecules. This approach has been studied in several diseases by 
introducing a small RNA into the cell and obscures a gene hence forth potentially 
inactivating the gene. Partisan is a RNA interference molecule developed to block 
production of abnormal TTR protein in liver. In a phase III trial, patients with 
hereditary transthyretin amyloidosis neuropathy received Partisan (dose 0.3 mg/kg  
every 3 weeks) and had statistically significant improvement in modified 
Neuropathy Impairment Score+7 [62].

Antisense oligonucleotides (ASO) are chemically modified oligonucleotides 
designed to selectively bind the RNA in the cell and prevent the target protein 
expression by interfering with translation. A phase III trial is ongoing for ISIS-
TTRRx, an ASO specific to TTR mRNA [63].
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Abstract

In this chapter, the authors will discuss the epidemiology and clinical presenta-
tions of amyloidosis. The main body of this chapter will concentrate on treatment 
options, both FDA-approved and experimental, specific to the various forms of 
amyloidosis. Since this set of diseases can affect multiple organ systems, we tackle 
the therapeutic avenues and the current challenges in each system under clinical 
investigation, including neurological, psychiatric, gastrointestinal, cardiovas-
cular, endocrine, renal and hematologic, in addition to options for palliative 
treatment for severe symptom management and improved quality of life. Several 
recent groundbreaking discoveries have opened up the potential for successful 
treatment of peripheral and central neurological amyloidoses making this an 
exciting and evolving field.
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1. Epidemiology

Amyloidosis is a rare, albeit likely underdiagnosed, disorder [1]. Claims data 
in the United States shows prevalence of amyloid light-chain (AL) amyloidosis 
increased between 2007 and 2015 from 15.5 to 45 cases per million [2]. Incidence 
did not significantly increase over this time period, but ranged from 9.7 to 14 cases 
per million-person years [2]. This equates to more than 12,000 people in the US 
currently living with this disorder. Older data, from 1950 to 1989, found 9 cases per 
million people, more evidence of an increasing prevalence over time [3]. The trend 
in age- and sex-adjusted incidence rate of amyloidosis per million person years from 
1950 to 1989 was not found to be significant (Figure 1).

This phenomenon could be explained by increased detection and diagnosis. 
Studies in the United Kingdom and Sweden demonstrated a prevalence of 20 cases 
per million and incidence of 5 cases per million-person years, 3 of them being AL, 
and 1 amyloid A (AA) amyloidosis [1, 4]. A US study found a mean age at diagnosis 
of AL amyloidosis of 63 with a standard deviation of 12, 55% male [2]. International 
studies also show that men are slightly more likely to be diagnosed with AL, 
however, AA amyloidosis more commonly affects women, possibly due to higher 
prevalence of underlying rheumatoid arthritis [1].
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1. Epidemiology

Amyloidosis is a rare, albeit likely underdiagnosed, disorder [1]. Claims data 
in the United States shows prevalence of amyloid light-chain (AL) amyloidosis 
increased between 2007 and 2015 from 15.5 to 45 cases per million [2]. Incidence 
did not significantly increase over this time period, but ranged from 9.7 to 14 cases 
per million-person years [2]. This equates to more than 12,000 people in the US 
currently living with this disorder. Older data, from 1950 to 1989, found 9 cases per 
million people, more evidence of an increasing prevalence over time [3]. The trend 
in age- and sex-adjusted incidence rate of amyloidosis per million person years from 
1950 to 1989 was not found to be significant (Figure 1).

This phenomenon could be explained by increased detection and diagnosis. 
Studies in the United Kingdom and Sweden demonstrated a prevalence of 20 cases 
per million and incidence of 5 cases per million-person years, 3 of them being AL, 
and 1 amyloid A (AA) amyloidosis [1, 4]. A US study found a mean age at diagnosis 
of AL amyloidosis of 63 with a standard deviation of 12, 55% male [2]. International 
studies also show that men are slightly more likely to be diagnosed with AL, 
however, AA amyloidosis more commonly affects women, possibly due to higher 
prevalence of underlying rheumatoid arthritis [1].
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AL amyloidosis is more prevalent than AA amyloidosis in developed countries, 
however, in developing countries and some Mediterranean countries, AA is more 
prevalent (Figure 2). Other studies have shown AL to be more prevalent than AA in 
developed countries, but in developing nations AA has a higher prevalence than AL [1].

This follows the logic of the epidemiologic transition, since as a country devel-
ops, diseases transition from infectious to chronic disease states. In developing 
nations, endemic infections such as tuberculosis or leprosy lead to AA amyloidosis, 

Figure 1. 
Age- and sex-adjusted average annual incidence rates of amyloidosis per million person-years in Olmsted 
County, Minnesota from 1950 to 1989.

Figure 2. 
Mortality of amyloidosis subtypes UK from 2000 to 2020,008 (n = 903).
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while in developed nations chronic diseases lead to AL amyloidosis. The exception 
to this is Mediterranean nations, while developed, have a higher prevalence of 
AA amyloidosis. This is likely due to relatively high prevalence autoinflammatory 
diseases such as familial Mediterranean fever. For example, in Spain, AL amyloido-
sis has become the most prevalent subtype, increasing in frequency relative to other 
subtypes from 21% in 1977 to 44% in 2013 [5].

The prognosis for amyloidosis varies by subtype, treatment modality, extent of 
cardiac involvement and, to a lesser degree, hepatic and autonomic involvement 
[1]. A Swedish study estimated median survival to be 3, 4, and 6 years for AL, AA, 
and localized amyloidosis [6]. In regards to systemic amyloidosis, a median survival 
time of 32 months was seen in the UK [4]. Older studies found untreated median 
survival time ranging from 6 months to 4 years [1].

2. Palliative treatments for amyloidosis

The protein deposition and accumulation inherent in amyloidosis causes a wide 
range of systemic symptoms, and patients may also suffer from side effects of cura-
tive therapies. Though many mistakenly believe palliative interventions are only for 
end of life care, palliative treatments can be implemented at any stage of illness, and 
may help curb severe symptoms. In many forms of cancer, early palliative interven-
tions have been shown to increase quality of life for both patients and caregivers 
[7]. While no studies have been conducted to evaluate the effectiveness of palliative 
therapies on amyloidosis specifically, palliative treatments for many of the common 
sequelae of amyloidosis have been well researched [8].

2.1 Pain

Neuropathic pain (NP) is the most common pain sensation reported in people 
with amyloidosis. NP is notoriously difficult to control, and is often not responsive 
to typical pain regimens. Antidepressants, anticonvulsants, opioids, and topical 
medications are the most common pharmacologic agents used. Unfortunately, many 
of these agents have their own side effects, and should be used with caution [8].

2.2 Depression

There has long been a link noted between depression and dementia, and depres-
sion has been viewed as both a prodrome and a risk factor for dementia. About half 
of patients with late-onset depression are found to have cognitive impairment, and 
the prevalence of dementia in depression has been reported between 9 and 68% 
[9]. A past history of depression is a known risk factor for developing Alzheimer’s 
disease and vascular dementia, even when the episode of depression occurred over 
10 years prior. Rather than a prodrome, depression seems to be a risk factor for 
Alzheimer’s disease, as evidenced by a neuropathological study showing increased 
neurofibrillary tangles and plaques in the hippocampus in those with a history 
of depression [10]. Depression is linked to hypercortisolemia, which may cause 
prolonged damage to the hippocampus. Depression may also be a psychological 
reaction to the diagnosis of cognitive impairment, and may even reveal previ-
ously clinically silent cognitive impairment by depleting cognitive reserve [11]. 
Additionally, the use of tricyclic antidepressants in the elderly may also contribute 
to clinical dementia due to their anticholinergic effects.

The link between depression and Alzheimer disease may involve mechanisms 
in the metabolism of β-amyloid peptides in the brain. A recent study has shown 
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while in developed nations chronic diseases lead to AL amyloidosis. The exception 
to this is Mediterranean nations, while developed, have a higher prevalence of 
AA amyloidosis. This is likely due to relatively high prevalence autoinflammatory 
diseases such as familial Mediterranean fever. For example, in Spain, AL amyloido-
sis has become the most prevalent subtype, increasing in frequency relative to other 
subtypes from 21% in 1977 to 44% in 2013 [5].

The prognosis for amyloidosis varies by subtype, treatment modality, extent of 
cardiac involvement and, to a lesser degree, hepatic and autonomic involvement 
[1]. A Swedish study estimated median survival to be 3, 4, and 6 years for AL, AA, 
and localized amyloidosis [6]. In regards to systemic amyloidosis, a median survival 
time of 32 months was seen in the UK [4]. Older studies found untreated median 
survival time ranging from 6 months to 4 years [1].

2. Palliative treatments for amyloidosis

The protein deposition and accumulation inherent in amyloidosis causes a wide 
range of systemic symptoms, and patients may also suffer from side effects of cura-
tive therapies. Though many mistakenly believe palliative interventions are only for 
end of life care, palliative treatments can be implemented at any stage of illness, and 
may help curb severe symptoms. In many forms of cancer, early palliative interven-
tions have been shown to increase quality of life for both patients and caregivers 
[7]. While no studies have been conducted to evaluate the effectiveness of palliative 
therapies on amyloidosis specifically, palliative treatments for many of the common 
sequelae of amyloidosis have been well researched [8].

2.1 Pain

Neuropathic pain (NP) is the most common pain sensation reported in people 
with amyloidosis. NP is notoriously difficult to control, and is often not responsive 
to typical pain regimens. Antidepressants, anticonvulsants, opioids, and topical 
medications are the most common pharmacologic agents used. Unfortunately, many 
of these agents have their own side effects, and should be used with caution [8].

2.2 Depression

There has long been a link noted between depression and dementia, and depres-
sion has been viewed as both a prodrome and a risk factor for dementia. About half 
of patients with late-onset depression are found to have cognitive impairment, and 
the prevalence of dementia in depression has been reported between 9 and 68% 
[9]. A past history of depression is a known risk factor for developing Alzheimer’s 
disease and vascular dementia, even when the episode of depression occurred over 
10 years prior. Rather than a prodrome, depression seems to be a risk factor for 
Alzheimer’s disease, as evidenced by a neuropathological study showing increased 
neurofibrillary tangles and plaques in the hippocampus in those with a history 
of depression [10]. Depression is linked to hypercortisolemia, which may cause 
prolonged damage to the hippocampus. Depression may also be a psychological 
reaction to the diagnosis of cognitive impairment, and may even reveal previ-
ously clinically silent cognitive impairment by depleting cognitive reserve [11]. 
Additionally, the use of tricyclic antidepressants in the elderly may also contribute 
to clinical dementia due to their anticholinergic effects.

The link between depression and Alzheimer disease may involve mechanisms 
in the metabolism of β-amyloid peptides in the brain. A recent study has shown 
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significant associations between geriatric depression and β-amyloid peptide deposits 
in the insula, hippocampus, and amygdale [12]. Another recent study showed the link 
between hereditary gelsolin amyloidosis (AGel) and neuropsychiatric changes. The 
gelsolin mutation is associated with cerebrovascular fragility, and is an autosomal 
dominant form of systemic amyloidosis. The study found visuoconstructional dif-
ficulties in the AGel group in both the block design and drawing tasks. While overall 
processing speed was similar in both groups, the AGel group produced more errors 
[13]. The behavioral and psychological symptoms of people with dementia result in 
greater cognitive and functional impairment, and are associated with greater amyloid 
deposition in the neurodegenerative process leading to Alzheimer’s disease [14].

2.3 Sexual dysfunction

The pathophysiology of sexual dysfunction in amyloidosis can range from 
medication side effects (corticosteroids, opioids), to primary hypogonadism 
(amyloid deposition in the testes), and depression. Determining the etiology of 
sexual dysfunction is key in selecting the proper treatment. For erectile dysfunc-
tion, sildenafil has been shown to be effective. Testosterone replacement may help 
in cases of hypogonadism, but has not been studied in patients with amyloidosis.

3. Renal amyloidosis

Renal amyloidosis is often the major cause of death for individuals with AL, AA, 
and hereditary amyloidosis; untreated, it usually progresses to end-stage renal 
disease. Understanding how amyloid fibrils form, and how the renal amyloidosis 
manifests are crucial in determining treatment approaches specific to each type of 
amyloidosis.

While amyloid can be found anywhere in the kidney, it often predominates in 
the glomerulus, forming nodules composed of amyloid protein that disrupt glo-
merular function. Consequently, patients with renal amyloidosis present with the 
components of nephrotic syndrome: severe proteinuria, hypoalbuminemia, edema, 
decreased GFR. When the amyloid protein is in the tubulointerstitium or vascula-
ture, the patient will instead demonstrate minimal proteinuria with a decrease in 
GFR. (Vascular involvement may also come with HTN.) Generally, renal impair-
ment progresses more rapidly with glomerular involvement. Patients mostly present 
with normal-sized kidneys but amyloidosis can cause enlargement of the kidneys.

Of the three main categories of renal amyloidoses, AL remains the most com-
mon, accounting for 81 and 68% of amyloidosis cases in two recent studies from 
the U.S. and Italy [15, 16]. In 50% of patients with systemic Ig-related amyloidosis, 
kidney disease presents as the most common manifestation [17].

3.1 Renal AL amyloidosis

Because AL amyloidosis is commonly associated with an underlying plasma cell 
dyscrasia, the purpose of treatment is to destroy amyloid-producing plasma cells. 
Therefore, treating AL amyloidosis is based on anti-myeloma therapy, which must 
be tailored to each patient’s age, comorbidities, extent of organ involvement, and 
patient’s wishes. The standard treatment was repeated cycles of oral melphalan 
and prednisone with an increase in median survival to 1.5 years [18]; however, this 
has changed in the past decade. In an 8 year longitudinal study by [19], 25–50% of 
patients who underwent high-dose intravenous melphalan followed by autologous 
stem cell transplantation(HDM/SCT to support bone marrow recovery demonstrated 
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complete hematologic responses. In 2006, Seldin et al. followed 43 patients who 
received HDM/SCT between 1994 and 1996, and found that median survival 
rate of 10 years for patients with a complete hematologic response [20]. In 2011, 
Sanchorawala et al. followed the long-term outcome of 421 patients and reported a 
long-term survival of up to 20 years [19]. More research is being done on the effective-
ness of repeated HDM/SCT treatments, some of them reporting favorable outcomes 
in patients who did not achieve a complete hematologic response the first time.

Despite the success of HDM/SCT, treatment-associated mortality is 12–14% 
with a higher prevalence in those with cardiac amyloidosis. Because stem cell 
mobilization requires high doses of growth factors, this can be complicated in 
patients with nephrotic syndrome or heart failure due to fluid retention. In addition 
to increased risks for splenic rupture (especially in patients with splenic amyloid), 
thrombocytopenia, and neutropenia, patients may also be subject to acute renal 
failure as reported by two different studies [21]. The British Journal of Hematology 
published guidelines in 2014 for HDM/SCT as first line treatment for selected 
patients up to 60–75 years of age with eGFR >50 ml/min, low cardiac biomarkers, 
low level plasma cell infiltration in the bone marrow, and lacking the following 
contraindications: cardiac amyloidosis, severe autonomic neuropathy, significant 
GI bleeding due to amyloid, advanced renal failure, age over 7 years, symptomatic 
recurrent amyloid related pleural effusions [22].

As an alternative to HDM/SCT, a combination of oral melphalan and high dose 
dexamethasone was shown by Pallidini et al. to have a 33% complete hematologic 
response in patients who are ineligible for HDM/SCT [23]. In addition to the oral 
melphalan and dexamethasone, patients can use proteasome inhibitor-based 
regimens and a bortezomib-alkylator-steroid combination for a rapid response [22].

3.2 Renal AA amyloidosis

Because AA amyloidosis is often associated with the production of serum 
amyloid A (SAA), an acute phase reactant protein from an underlying inflamma-
tory disease, the goal of treatment is to treat the cause. Stopping the inflammatory 
processes of familial Mediterranean fever (FMF), rheumatoid arthritis (RA), and 
other causes of AA has been shown by several studies to prevent amyloidosis. For 
example, colchicine is used to inhibit Familial Mediterranean Fever-associated 
inflammation, which prevented amyloidosis production [24]. In a 2002 study, 
Elkyam et al. treated a patient with infliximab for rheumatoid arthritis, whose pro-
teinuria resolved [25]. It is thought that these agents have additional anti-amyloid 
effects by suppressing cytokine production or by altering expression of specific 
mediators of cellular toxicity [26].

A new treatment approach involving fibrillogenic inhibition is currently under-
way, involving eprosidate, a sulfonated, negatively charged molecule like heparan 
sulfate. The molecule competitively binds to glycosaminoglycan-binding sites on 
SAA, and inhibits fibril polymerization and amyloid deposition. In a multicenter, 
randomized, double-blind, placebo controlled trial, Dember et al. demonstrated that 
eprodisate slowed the decline of renal function in AA amyloidosis patients [27]. The 
results from the second Phase III study will help determine whether eprosidate will 
become one of the new treatment approaches in fighting renal AA amyloidosis [28].

3.3 Dialysis and kidney transplantation

For patients with renal amyloidosis who are in ESRD, dialysis or kidney trans-
plantation is other options. Currently, the literature for dialysis differs for AL amy-
loidosis patients and AA amyloidosis patients, but the consensus is a poor prognosis 
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significant associations between geriatric depression and β-amyloid peptide deposits 
in the insula, hippocampus, and amygdale [12]. Another recent study showed the link 
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mon, accounting for 81 and 68% of amyloidosis cases in two recent studies from 
the U.S. and Italy [15, 16]. In 50% of patients with systemic Ig-related amyloidosis, 
kidney disease presents as the most common manifestation [17].

3.1 Renal AL amyloidosis

Because AL amyloidosis is commonly associated with an underlying plasma cell 
dyscrasia, the purpose of treatment is to destroy amyloid-producing plasma cells. 
Therefore, treating AL amyloidosis is based on anti-myeloma therapy, which must 
be tailored to each patient’s age, comorbidities, extent of organ involvement, and 
patient’s wishes. The standard treatment was repeated cycles of oral melphalan 
and prednisone with an increase in median survival to 1.5 years [18]; however, this 
has changed in the past decade. In an 8 year longitudinal study by [19], 25–50% of 
patients who underwent high-dose intravenous melphalan followed by autologous 
stem cell transplantation(HDM/SCT to support bone marrow recovery demonstrated 
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complete hematologic responses. In 2006, Seldin et al. followed 43 patients who 
received HDM/SCT between 1994 and 1996, and found that median survival 
rate of 10 years for patients with a complete hematologic response [20]. In 2011, 
Sanchorawala et al. followed the long-term outcome of 421 patients and reported a 
long-term survival of up to 20 years [19]. More research is being done on the effective-
ness of repeated HDM/SCT treatments, some of them reporting favorable outcomes 
in patients who did not achieve a complete hematologic response the first time.

Despite the success of HDM/SCT, treatment-associated mortality is 12–14% 
with a higher prevalence in those with cardiac amyloidosis. Because stem cell 
mobilization requires high doses of growth factors, this can be complicated in 
patients with nephrotic syndrome or heart failure due to fluid retention. In addition 
to increased risks for splenic rupture (especially in patients with splenic amyloid), 
thrombocytopenia, and neutropenia, patients may also be subject to acute renal 
failure as reported by two different studies [21]. The British Journal of Hematology 
published guidelines in 2014 for HDM/SCT as first line treatment for selected 
patients up to 60–75 years of age with eGFR >50 ml/min, low cardiac biomarkers, 
low level plasma cell infiltration in the bone marrow, and lacking the following 
contraindications: cardiac amyloidosis, severe autonomic neuropathy, significant 
GI bleeding due to amyloid, advanced renal failure, age over 7 years, symptomatic 
recurrent amyloid related pleural effusions [22].

As an alternative to HDM/SCT, a combination of oral melphalan and high dose 
dexamethasone was shown by Pallidini et al. to have a 33% complete hematologic 
response in patients who are ineligible for HDM/SCT [23]. In addition to the oral 
melphalan and dexamethasone, patients can use proteasome inhibitor-based 
regimens and a bortezomib-alkylator-steroid combination for a rapid response [22].

3.2 Renal AA amyloidosis

Because AA amyloidosis is often associated with the production of serum 
amyloid A (SAA), an acute phase reactant protein from an underlying inflamma-
tory disease, the goal of treatment is to treat the cause. Stopping the inflammatory 
processes of familial Mediterranean fever (FMF), rheumatoid arthritis (RA), and 
other causes of AA has been shown by several studies to prevent amyloidosis. For 
example, colchicine is used to inhibit Familial Mediterranean Fever-associated 
inflammation, which prevented amyloidosis production [24]. In a 2002 study, 
Elkyam et al. treated a patient with infliximab for rheumatoid arthritis, whose pro-
teinuria resolved [25]. It is thought that these agents have additional anti-amyloid 
effects by suppressing cytokine production or by altering expression of specific 
mediators of cellular toxicity [26].

A new treatment approach involving fibrillogenic inhibition is currently under-
way, involving eprosidate, a sulfonated, negatively charged molecule like heparan 
sulfate. The molecule competitively binds to glycosaminoglycan-binding sites on 
SAA, and inhibits fibril polymerization and amyloid deposition. In a multicenter, 
randomized, double-blind, placebo controlled trial, Dember et al. demonstrated that 
eprodisate slowed the decline of renal function in AA amyloidosis patients [27]. The 
results from the second Phase III study will help determine whether eprosidate will 
become one of the new treatment approaches in fighting renal AA amyloidosis [28].

3.3 Dialysis and kidney transplantation

For patients with renal amyloidosis who are in ESRD, dialysis or kidney trans-
plantation is other options. Currently, the literature for dialysis differs for AL amy-
loidosis patients and AA amyloidosis patients, but the consensus is a poor prognosis 
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Figure 3. 
AL amyloidosis organ involvement pattern in patients with multiple myeloma.

for AL amyloidosis patients on dialysis, especially those with cardiac involvement. 
For AA amyloidosis patients on dialysis, Guillaume et al. reported a 15% mortal-
ity rate, a better prognosis overall [29]. Treating patients who are on dialysis with 
HDM/SCT has shown no difference between the hematologic response rate and 
treatment -associated mortality are similar in dialysis-dependent patients compared 
with the overall population of patients who undergo this treatment [27].

Kidney transplantation is a good option for patients who have a complete hema-
tologic response in AL amyloidosis and do not have significant extrarenal disease. 
In 2012, Gurusu et al. examined survival rates of 44 patients with amyloidosis who 
had undergone kidney transplantation and found the same outcomes with patients 
with other kidney diseases [30]. This indicates that amyloidosis patients should be 
accepted as transplant candidates.

3.4 Bortezomib, a game changer for multiple myeloma and AL amyloidosis

Monoclonal antibody therapy has become a mainstay of treatment in plasma 
cell disorders such as multiple myeloma and primary systemic (AL) amyloidosis. 
Bortezomib (Velcade), a proteasome inhibitor, has shown effectiveness as an initial 
therapy of multiple myeloma in stem cell transplant (SCT) eligible patients [31, 32].  
Bortezomib has been especially effective in younger patients and contributed sig-
nificantly to improvements in survival seen in the early 2000s [33]. Bortezomib and 
other proteasome inhibitors are associated with less cardiotoxic risk than chemo-
therapeutics such as melphalan, cyclophosphamide, and doxorubicin [34]. Modern 
induction therapy for multiple myeloma now consists a combination of bortezomib 
and dexamethasone (BD), plus thalidomide or melphalan for both transplant-
eligible and SCT ineligible patients. A phase IIIB study found no difference in 
outcomes or survival between BD, BD plus thalidomide, or BD plus melphalan in 
transplant-ineligible patients [35]. Bortezomib is also effective as a consolidation 
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and maintenance therapy, prolonging progression-free survival and overall survival 
in patients with partial or very good partial response following induction/consoli-
dation therapy [36].

AL amyloidosis can present spontaneously or in association with other blood 
cell disorders such as multiple myeloma and lymphoplasmocytic lymphoma. AL 
amyloidosis is a well-recognized complication of multiple myeloma in particular, 
occurring in approximately 10–15% of patients (Figure 3) [37]. Not surprisingly, 
bortezomib therapy is now a recommended treatment for primary AL amyloidosis 
both in SCT ineligible patients and post SCT patients [38, 39]. Reece et al. showed 
bortezomib to be a particularly effective and well-tolerated therapy in relapsed AL 
amyloidosis patients, evidenced by once and twice-weekly treatments both effec-
tively inducing a hematological response in this population [40, 41]. A randomized 
phase III trial showed more profound and frequent hematological responses to 
bortezomib versus melphalan plus dexamethasone in patients with newly diagnosed 
AL amyloidosis, indicating bortezomib as a promising initial therapy [42].

4. Amyloidosis and the nervous system

Neurologic involvement of systemic amyloidosis has been observed in over 20% 
of cases, and the median duration of neuropathic symptoms prior to diagnosis is 
2 years [43]. The pathophysiology of amyloid deposition contributing to the clinical 
manifestation of neurodegenerative disorders, including Alzheimer’s Dementia, 
Parkinson’s Disease, and Huntington’s Disease, has been well-documented [44]. 
Furthermore, cerebral amyloid angiopathy is a well-known cause/risk factor for 
intracerebral hemorrhage in the elderly [45]. Lastly, systemic amyloidosis (clas-
sically, primary amyloidosis) affects not only the central nervous system, but is a 
well-known cause of peripheral and autonomic neuropathy [46]. Thus, the deposi-
tion of abnormally folded proteins has not only been linked to progressive and acute 
devastating CNS disorders, but also to neurologic sequelae throughout the body. 
In this section, we describe some of the novel treatments and their mechanisms of 
action for both CNS and PNS manifestations of the illness.

4.1 Amyloid beta: Alzheimer’s dementia, and cerebral amyloid angiopathy

There are no current therapies that modify the deposition of A beta amyloid 
in the CNS. Therefore the focus of treatment has been mainly symptomatic with 
acetylcholinesterase inhibitors, antidepressants and antipsychotics. However, new 
research focusing on monoclonal antibodies reducing plaque load prove to have 
promising results in the mice model [47]. Modest levels of peripherally administra-
tion antibodies against the amyloid beta-peptide crossed the blood brain barrier 
entering the CNS and inducing clearance of preexisting amyloid via activation of 
microglial cells [48]. Bapineuzumab, Solanezumab, Gantenerumab, Crenezumab, 
Ponezumab, BAN2401, and Aducaumab are anti-amyloid beta monoclonal antibod-
ies that have progressed to human trials and paved the pathway for the development 
of more effective therapies.

The mechanism of Bapineuzumab, one of the first humanized monoclonal IgG1 
antibody used in humans, attaches to soluble and fibrillar amyloid beta via the five 
N-terminal residues inducing Fc receptor-mediated microglial phagocytosis of amy-
loid beta deposits. In phase 1, 30 patients were divided into low dose (0.5 mg/kg), 
medium (1.5 mg/kg) and high dose (5 mg/kg), and overall the drug was considered 
to be safe. 3/10 participants in the high dose category developed MRI findings typical 
of vasogenic edema that eventually resolved. Amyloid-related imaging abnormalities 



Amyloid Diseases

26

Figure 3. 
AL amyloidosis organ involvement pattern in patients with multiple myeloma.

for AL amyloidosis patients on dialysis, especially those with cardiac involvement. 
For AA amyloidosis patients on dialysis, Guillaume et al. reported a 15% mortal-
ity rate, a better prognosis overall [29]. Treating patients who are on dialysis with 
HDM/SCT has shown no difference between the hematologic response rate and 
treatment -associated mortality are similar in dialysis-dependent patients compared 
with the overall population of patients who undergo this treatment [27].

Kidney transplantation is a good option for patients who have a complete hema-
tologic response in AL amyloidosis and do not have significant extrarenal disease. 
In 2012, Gurusu et al. examined survival rates of 44 patients with amyloidosis who 
had undergone kidney transplantation and found the same outcomes with patients 
with other kidney diseases [30]. This indicates that amyloidosis patients should be 
accepted as transplant candidates.

3.4 Bortezomib, a game changer for multiple myeloma and AL amyloidosis

Monoclonal antibody therapy has become a mainstay of treatment in plasma 
cell disorders such as multiple myeloma and primary systemic (AL) amyloidosis. 
Bortezomib (Velcade), a proteasome inhibitor, has shown effectiveness as an initial 
therapy of multiple myeloma in stem cell transplant (SCT) eligible patients [31, 32].  
Bortezomib has been especially effective in younger patients and contributed sig-
nificantly to improvements in survival seen in the early 2000s [33]. Bortezomib and 
other proteasome inhibitors are associated with less cardiotoxic risk than chemo-
therapeutics such as melphalan, cyclophosphamide, and doxorubicin [34]. Modern 
induction therapy for multiple myeloma now consists a combination of bortezomib 
and dexamethasone (BD), plus thalidomide or melphalan for both transplant-
eligible and SCT ineligible patients. A phase IIIB study found no difference in 
outcomes or survival between BD, BD plus thalidomide, or BD plus melphalan in 
transplant-ineligible patients [35]. Bortezomib is also effective as a consolidation 
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and maintenance therapy, prolonging progression-free survival and overall survival 
in patients with partial or very good partial response following induction/consoli-
dation therapy [36].

AL amyloidosis can present spontaneously or in association with other blood 
cell disorders such as multiple myeloma and lymphoplasmocytic lymphoma. AL 
amyloidosis is a well-recognized complication of multiple myeloma in particular, 
occurring in approximately 10–15% of patients (Figure 3) [37]. Not surprisingly, 
bortezomib therapy is now a recommended treatment for primary AL amyloidosis 
both in SCT ineligible patients and post SCT patients [38, 39]. Reece et al. showed 
bortezomib to be a particularly effective and well-tolerated therapy in relapsed AL 
amyloidosis patients, evidenced by once and twice-weekly treatments both effec-
tively inducing a hematological response in this population [40, 41]. A randomized 
phase III trial showed more profound and frequent hematological responses to 
bortezomib versus melphalan plus dexamethasone in patients with newly diagnosed 
AL amyloidosis, indicating bortezomib as a promising initial therapy [42].

4. Amyloidosis and the nervous system

Neurologic involvement of systemic amyloidosis has been observed in over 20% 
of cases, and the median duration of neuropathic symptoms prior to diagnosis is 
2 years [43]. The pathophysiology of amyloid deposition contributing to the clinical 
manifestation of neurodegenerative disorders, including Alzheimer’s Dementia, 
Parkinson’s Disease, and Huntington’s Disease, has been well-documented [44]. 
Furthermore, cerebral amyloid angiopathy is a well-known cause/risk factor for 
intracerebral hemorrhage in the elderly [45]. Lastly, systemic amyloidosis (clas-
sically, primary amyloidosis) affects not only the central nervous system, but is a 
well-known cause of peripheral and autonomic neuropathy [46]. Thus, the deposi-
tion of abnormally folded proteins has not only been linked to progressive and acute 
devastating CNS disorders, but also to neurologic sequelae throughout the body. 
In this section, we describe some of the novel treatments and their mechanisms of 
action for both CNS and PNS manifestations of the illness.

4.1 Amyloid beta: Alzheimer’s dementia, and cerebral amyloid angiopathy

There are no current therapies that modify the deposition of A beta amyloid 
in the CNS. Therefore the focus of treatment has been mainly symptomatic with 
acetylcholinesterase inhibitors, antidepressants and antipsychotics. However, new 
research focusing on monoclonal antibodies reducing plaque load prove to have 
promising results in the mice model [47]. Modest levels of peripherally administra-
tion antibodies against the amyloid beta-peptide crossed the blood brain barrier 
entering the CNS and inducing clearance of preexisting amyloid via activation of 
microglial cells [48]. Bapineuzumab, Solanezumab, Gantenerumab, Crenezumab, 
Ponezumab, BAN2401, and Aducaumab are anti-amyloid beta monoclonal antibod-
ies that have progressed to human trials and paved the pathway for the development 
of more effective therapies.

The mechanism of Bapineuzumab, one of the first humanized monoclonal IgG1 
antibody used in humans, attaches to soluble and fibrillar amyloid beta via the five 
N-terminal residues inducing Fc receptor-mediated microglial phagocytosis of amy-
loid beta deposits. In phase 1, 30 patients were divided into low dose (0.5 mg/kg), 
medium (1.5 mg/kg) and high dose (5 mg/kg), and overall the drug was considered 
to be safe. 3/10 participants in the high dose category developed MRI findings typical 
of vasogenic edema that eventually resolved. Amyloid-related imaging abnormalities 
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(ARIA) were coined to describe imaging abnormalities as a result of treatment, for 
example ARIA-H for microhemorrhage and hemosiderosis and ARIA-E for effusion 
or vasogenic edema. IV infusion in phase 2 of the trial showed no significant treat-
ment differences in patients with mild to moderate Alzheimer’s disease. A parallel 
phase 2, as well as retrospective study done by neuroradiologists resulted in the 
conclusion that there is an increased occurrence of ARIA-E in carriers of APOE4, 
necessitating the incorporation of biomarkers to qualify for treatment, but increased 
numbers of symptomatic ARIA-E resulted in discontinuation of bapineuzumab trials.

Solanezumab, another humanized IgG1 monoclonal antibody, completed 
phase 3 testing without meeting efficacy requirements. It binds the mid-domain of 
amyloid beta residues to increase clearance of monomers, and continues in pre-
clinical Alzheimer’s disease trials to see if there is a benefit to earlier intervention. 
Phases 1 and 2 showed a relationship between dose and CSF Amyloid-beta protein. 
In phase 3 studies, termed EXPEDITION 1 and EXPEDITION 2, 18 month trials of 
IV solanezumab 400 mg against IV placebo, did not demonstrate any significant 
benefit. However, it demonstrated the drugs favorable safety profile with only 0.9% 
incidence of ARIA-E compared to 0.4% seen in the placebo. A third phase 3 trial, 
EXPEDITION 3, also showed nonsignificant results with solanezumab and eventu-
ally led to the drug’s discontinuation for dementia.

As opposed to the previously mentioned therapies, Gantenerumab was the 
first fully human IgG1 antibody against the conformational epitope expressed 
on amyloid beta fibrils that contain both the N-terminal and central amino acids. 
Phase 1 trials with patients who had mild to moderate Alzheimer’s disease showed 
that seven IV infusions (60–200 mg) every 4 weeks reduced brain burden. It also 
showed the drug’s favorable safety profile. 2 out of 6 patients in the high dose group 
experienced ARIA-E. Initial phase 2 trials included 360 participants and doses of 
subcutaneous 105 mg or 225 mg every 4 weeks for 2 years, but was later expanded 
to a phase 2/3 with 799 participants showed no significant treatment effects for 
CDE-SB or changes in the amount of brain amyloid beta. Currently Gantenerumab, 
like solanezumab, is being explored for patients with fast progression and autoso-
mal dominant Alzheimer’s disease.

Other therapies that have proven to have non-significant results in the treat-
ment of amyloid beta deposition within the CNS include Crenezumab, Ponezumab, 
BAN2401, and Aducaumab. Despite these findings, the tolerability of monoclonal 
antibodies lends hope for developing therapies for this pathology. Moreover, future 
studies should focus on the importance of brain entry of anti-amyloid beta monoclo-
nal antibodies, as it is not currently clear whether therein lies any benefit as only 0.1% 
cross the blood brain barrier. Dosage and stage of disease are two other important 
points for consideration in improving the efficacy of these therapies, and whether the 
lack of efficacy was due to insufficient amounts of drug or late stage disease [49].

4.2 Transthyretin amyloidosis

Transthyretin is a liver-derived protein, that when misfolded can accumulate in 
the liver, kidney, GI tract, and the peripheral nerves. Multiple genetic abnormalities 
have been shown to contribute to increased predisposition and familial forms of 
transthyretin amyloidosis. These have led to syndromes such as familial amyloidotic 
cardiomyopathy and familial amyloidotic polyneuropathy [49, 50].

Familial amyloidotic polyneuropathy (FAP) is a fatal condition that is caused by 
the substitution of a methionine residue for a valine residue at the 30th position of 
the TTR gene [51]. In this section, we briefly discuss the role of liver transplantation 
and more thoroughly introduce the use of RNA interference molecules to decrease 
transthyretin production.
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5. Liver transplantation

Around 95% of transthyretin is produced by the liver, and thus, it was pos-
tulated that liver transplantation would provide great benefit for patients with 
transthyretin amyloidosis. The first liver transplantation for transthyretin amyloi-
dosis was done in 1990 in Sweden and showed promising results. Since then, liver 
transplantation has been a standard treatment for this devastating disorder [51].

Liver transplantation has been shown to be of benefit if intervention is taken 
earlier in the disease course. The risks and prognostic factors for liver transplanta-
tion have been well-documented, including the long wait times for an available 
transplantable organ. However, additional prognostic factors for survival post liver 
transplantation in patients with amyloidotic polyneuropathy include hereditary and 
geographic factors, duration of the disease, initial degree of polyneuropathy, pres-
ence of autonomic dysfunction, co-morbid cardiac, kidney/bladder, and GI impair-
ment, and prior nutritional status. Liver transplantation is usually not a procedure 
that will improve the patient’s condition, but rather, prevent further decline.

5.1 IDOX, doxycycline, and RNAi therapy

Since the difficulties associated with liver transplantation prevented adequate 
treatment of FAP patients, new non-surgical treatment methods were researched. 
It was initially shown that 4′iodo′4′-doxy-doxorubicin (IDOX) inhibits amyloid 
formation and promotes the resorption of amyloid deposits. Initially shown that 
IDOX can induce amyloid resorption in patients with immunoglobulin light chain 
amyloidosis, it was further studied for all types of amyloid deposition disorders. It is 
hypothesized that IDOX exerts its effects by inhibiting fibril growth and increasing 
the solubility of amyloid deposits. This, in turn, facilitates amyloid clearance. These 
results have been consistent in both in vivo and in vitro studies through two distinct 
binding sites between IDOX and amyloid fibrils [52].

At around the same time as IDOX was being investigated, Doxycycline became 
the next promising medication that showed similar success in both FAP transgenic 
mice and phase II human trials with transthyretin amyloidosis. It’s theorized mech-
anism of action involves amyloid fibril destructuration and promotion of amyloid 
deposition. In one phase II trial, doxycyclin plus tauroursodeoxycholic acid resulted 
in stable cardiac and neuropathy symptoms after 1 year of treatment. When used in 
conjunction with TTR stabilizers, therapy could both block formation and promote 
clearance of existing amyloid simultaneously [53, 54].

The most recent research for transthyretin amyloidosis treatment has sur-
rounded RNA interference (RNAi) therapy. RNAi therapy decreases transthyretin 
production from the liver by directly suppressing mRNA transcription of the 
gene that codes for the transthyretin protein. Due to the specific nature of this 
pharmacology, long-term side-effects of RNAi therapy have not been reported. 
Two medications, Patisiran and Inotersen, have become FDA approved in the past 
5 years after studies have shown a dose-dependent reduction of both mutant and 
nonmuntant tranthyretin production and deposition. This RNAi therapy has been 
shown to cause between 50 and 80% reduction in transthyretin levels as early as 
2–3 weeks after therapy initiation. Furthermore, these medications have provided 
significant neurologic symptomatic benefit in a majority of patients when com-
pared to placebo therapy. Since these medications affect both mutant and non-
mutant transthyretin production, they have been shown to not only have decreased 
side-effects to liver transplantation, but better long-term efficacy. The most com-
mon side effect to the medication reported has been transfusion-related reactions in 
8–20% of patients [49, 55, 56].
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(ARIA) were coined to describe imaging abnormalities as a result of treatment, for 
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benefit. However, it demonstrated the drugs favorable safety profile with only 0.9% 
incidence of ARIA-E compared to 0.4% seen in the placebo. A third phase 3 trial, 
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ally led to the drug’s discontinuation for dementia.

As opposed to the previously mentioned therapies, Gantenerumab was the 
first fully human IgG1 antibody against the conformational epitope expressed 
on amyloid beta fibrils that contain both the N-terminal and central amino acids. 
Phase 1 trials with patients who had mild to moderate Alzheimer’s disease showed 
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4.2 Transthyretin amyloidosis
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have been shown to contribute to increased predisposition and familial forms of 
transthyretin amyloidosis. These have led to syndromes such as familial amyloidotic 
cardiomyopathy and familial amyloidotic polyneuropathy [49, 50].

Familial amyloidotic polyneuropathy (FAP) is a fatal condition that is caused by 
the substitution of a methionine residue for a valine residue at the 30th position of 
the TTR gene [51]. In this section, we briefly discuss the role of liver transplantation 
and more thoroughly introduce the use of RNA interference molecules to decrease 
transthyretin production.
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5. Liver transplantation

Around 95% of transthyretin is produced by the liver, and thus, it was pos-
tulated that liver transplantation would provide great benefit for patients with 
transthyretin amyloidosis. The first liver transplantation for transthyretin amyloi-
dosis was done in 1990 in Sweden and showed promising results. Since then, liver 
transplantation has been a standard treatment for this devastating disorder [51].

Liver transplantation has been shown to be of benefit if intervention is taken 
earlier in the disease course. The risks and prognostic factors for liver transplanta-
tion have been well-documented, including the long wait times for an available 
transplantable organ. However, additional prognostic factors for survival post liver 
transplantation in patients with amyloidotic polyneuropathy include hereditary and 
geographic factors, duration of the disease, initial degree of polyneuropathy, pres-
ence of autonomic dysfunction, co-morbid cardiac, kidney/bladder, and GI impair-
ment, and prior nutritional status. Liver transplantation is usually not a procedure 
that will improve the patient’s condition, but rather, prevent further decline.

5.1 IDOX, doxycycline, and RNAi therapy

Since the difficulties associated with liver transplantation prevented adequate 
treatment of FAP patients, new non-surgical treatment methods were researched. 
It was initially shown that 4′iodo′4′-doxy-doxorubicin (IDOX) inhibits amyloid 
formation and promotes the resorption of amyloid deposits. Initially shown that 
IDOX can induce amyloid resorption in patients with immunoglobulin light chain 
amyloidosis, it was further studied for all types of amyloid deposition disorders. It is 
hypothesized that IDOX exerts its effects by inhibiting fibril growth and increasing 
the solubility of amyloid deposits. This, in turn, facilitates amyloid clearance. These 
results have been consistent in both in vivo and in vitro studies through two distinct 
binding sites between IDOX and amyloid fibrils [52].

At around the same time as IDOX was being investigated, Doxycycline became 
the next promising medication that showed similar success in both FAP transgenic 
mice and phase II human trials with transthyretin amyloidosis. It’s theorized mech-
anism of action involves amyloid fibril destructuration and promotion of amyloid 
deposition. In one phase II trial, doxycyclin plus tauroursodeoxycholic acid resulted 
in stable cardiac and neuropathy symptoms after 1 year of treatment. When used in 
conjunction with TTR stabilizers, therapy could both block formation and promote 
clearance of existing amyloid simultaneously [53, 54].

The most recent research for transthyretin amyloidosis treatment has sur-
rounded RNA interference (RNAi) therapy. RNAi therapy decreases transthyretin 
production from the liver by directly suppressing mRNA transcription of the 
gene that codes for the transthyretin protein. Due to the specific nature of this 
pharmacology, long-term side-effects of RNAi therapy have not been reported. 
Two medications, Patisiran and Inotersen, have become FDA approved in the past 
5 years after studies have shown a dose-dependent reduction of both mutant and 
nonmuntant tranthyretin production and deposition. This RNAi therapy has been 
shown to cause between 50 and 80% reduction in transthyretin levels as early as 
2–3 weeks after therapy initiation. Furthermore, these medications have provided 
significant neurologic symptomatic benefit in a majority of patients when com-
pared to placebo therapy. Since these medications affect both mutant and non-
mutant transthyretin production, they have been shown to not only have decreased 
side-effects to liver transplantation, but better long-term efficacy. The most com-
mon side effect to the medication reported has been transfusion-related reactions in 
8–20% of patients [49, 55, 56].
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6. Cardiac amyloidosis

Along with the kidneys, the heart is one of the most commonly affected organs 
in cases of amyloidosis, as amyloid fibrils deposit in its parenchyma and impair it 
from functioning optimally. The deposition of either light chain amyloid (AL) or 
transthyretin (TTR) in the cardiac myocardium is responsible for the vast majority 
(>95%) of cases of amyloid cardiomyopathy [57]. This infiltration of the myocar-
dial tissue essentially results in a clinical presentation of heart failure with pre-
served ejection fraction; therefore, the treatment is twofold and is targeted at both 
the primary, underlying disease process and at the secondary heart failure.

6.1 AL amyloid

In regards to the primary disease, treatment varies substantially based on the 
nature of the abnormal protein that is deposited in the cardiac tissue. AL amyloid, 
or primary amyloid, affects the heart by depositing abnormally-folded proteins into 
the myocardium, rendering the ventricles concentrically thickened, thus impairing 
their ability to accommodate adequate filling volumes. Some studies suggest that 
the amyloidogenic proteins also have direct cytotoxic effects on the myocardial 
cells. The pathogenic proteins in AL amyloid are misfolded immunoglobulin light 
chains produced by a number of clonal plasma cells in the bone marrow; therefore, 
cytotoxic therapies against these cells have been proven to be effective. A combina-
tion of oral melphalan, dexamethasone, autologous stem cell transplantation and/
or bortezomib is often utilized and tailored to each individual case based on various 
factors such as age, stage of disease, and patient’s desire for treatment. These drug 
regimens are further discussed in the section on renal amyloidosis treatment.

6.2 TTR amyloid

In transthyretin amyloidosis, the protein transthyretin (TTR) loses stability, mis-
folds, and deposits in organs throughout the body, including the cardiac myocardium. 
In contrast to other types of amyloidosis, which may or may not involve the heart, 
TTR almost always features cardiac involvement and myocardial protein deposition. 
The consequences of protein deposition in the heart are essentially the same across all 
types of amyloidosis as the ventricles thicken and result in a restrictive type of cardio-
myopathy that prevents the heart from properly filling with blood during the diastolic 
phase of the cardiac cycle. The restrictive cardiomyopathy leads to a clinical picture 
of heart failure, with symptoms that often significantly decrease the patient’s quality 
of life. The most definitive treatment for TTR amyloidosis is liver transplantation. 
This is because the TTR protein is produced in the liver and eliminating the source of 
the protein would eliminate the pathogenic process altogether. Liver transplantation, 
however, may not be an option for patients who are not candidates for the procedure. 
This is where a recently studied drug, Tafamidis, plays a key role. Tafamidis is an 
agent that exhibits its therapeutic effect by stabilizing the TTR protein, thus prevent-
ing its misfolding and subsequent deposition in organs of the body. In a randomized, 
placebo-controlled, double blind study performed in September 2018, Tafamidis was 
found to improve the quality of life of amyloidosis patients by slowing the progres-
sion of the disease and reducing the functional impairment of affected nerves and 
systems throughout the body [58, 59]. Other drugs that also may be beneficial in TTR 
amyloidosis cases include an NSAID called Diflunisal, doxycycline, and an antisense 
therapy called ISIS-TTRrx. Both Diflunisal and doxycycline are thought to have the 
same mechanism of action as Tafamidis, as they stabilize the TTR protein and prevent 
amyloidogenesis. ISIS-TTRrx’s mechanism of action differs and works by directly 
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suppressing the gene that expresses the TTR protein. These agents are still being 
investigated for efficacy in experiments and clinical trials [59].

6.3 Heart failure

Heart failure secondary to cardiac amyloidosis is treated rather differently than 
heart failure that is organic or secondary to other causes. Agents that typically play 
key roles in heart failure management, such as beta blockers, ace inhibitors, and 
calcium channel blockers, are avoided and, sometimes, even contraindicated. These 
drugs are ineffective in cases of amyloid cardiomyopathy due to the pathophysiology 
of protein deposition rather than intrinsic cellular dysfunction of the cardiac cells. 
Utilization of calcium channel blockers, for example, results in an apparent amplifi-
cation of the drugs’ negative inotropic effects and a resultant decompensation of the 
amyloid cardiomyopathy [60, 61]. One class of drugs- the loop diuretics- remains the 
cornerstone medication utilized even in cases of heart failure due to amyloid cardio-
myopathy. A loop diuretic combined with an aldosterone antagonist has been found 
to be the most efficacious combination of treatment for amyloid-associated heart 
failure [57, 62]. Along with drug therapy, other vital lifestyle changes include salt and 
fluid restriction, as well as regular weight measurements to monitor volume status.

7. Amyloidosis of the respiratory tract

Amyloidosis is characterized by pathological misfolding of the amyloid pro-
tein and its deposition as fibrils leading to organ dysfunction. Amyloidosis of the 
respiratory tract can be localized or a part of a systemic picture of dysfunction. 
Pulmonary amyloidosis is only symptomatic if amyloid deposits are present on the 
alveoli, causing impaired gas exchange. Amyloid deposition in the lung parenchyma 
may manifest as nodular deposits or lead to localized lymphomas.

Tissue deposits of misfolded amyloid protein in the form of fibrils characterize 
systemic amyloidosis. There are 15 different kinds of systemic amyloidoses, defined 
based on the characteristics of the deposited amyloid protein [63]. The primary 
kinds of amyloidosis that impact the lungs are systemic AL and localized AL con-
sisting of monoclonal light chains, AA amyloid consisting of apolipoprotein serum 
amyloid A, and ATTRwt consisting of wild-type transthyretin [64]. Regardless 
of the type of amyloid fibril that is deposited, all fibrils have the same backbone 
structure that the Congo red stain binds in order to reveal an apple-green birefrin-
gence under polarized light [65]. Tissue biopsy is central to diagnosis of amyloidosis 
as treatment modalities vary based on the type of amyloid protein that is deposited. 
Less invasive procedures like abdominal fat biopsy and fine needle biopsy are 
indicated over more invasive procedures like transbronchial biopsy [66, 67]. Once 
a biopsy is obtained, it is evaluated using immunohistochemistry. The lungs are a 
common site of amyloid deposition, although not always symptomatic. There are 
three main kinds of pulmonary amyloidosis: nodular, diffuse, and tracheobronchial. 
Systemic amyloidosis is symptomatic, and often as a result of chronic inflammation.

7.1 Nodular pulmonary amyloidosis

Nodular amyloid deposits involving the lung are usually an incidentaloma on 
chest imaging and usually consist of AL light chain or mixed AL-AH light chain-
heavy chain [68, 69]. Nodular amyloidosis has been associated with mucosa associ-
ated lymphoid tissue (MALT) and Sjogren disease [68]. In a study of 49 individuals 
with nodular AL amyloidosis, surgical resection and systemic chemotherapy 
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suppressing the gene that expresses the TTR protein. These agents are still being 
investigated for efficacy in experiments and clinical trials [59].

6.3 Heart failure

Heart failure secondary to cardiac amyloidosis is treated rather differently than 
heart failure that is organic or secondary to other causes. Agents that typically play 
key roles in heart failure management, such as beta blockers, ace inhibitors, and 
calcium channel blockers, are avoided and, sometimes, even contraindicated. These 
drugs are ineffective in cases of amyloid cardiomyopathy due to the pathophysiology 
of protein deposition rather than intrinsic cellular dysfunction of the cardiac cells. 
Utilization of calcium channel blockers, for example, results in an apparent amplifi-
cation of the drugs’ negative inotropic effects and a resultant decompensation of the 
amyloid cardiomyopathy [60, 61]. One class of drugs- the loop diuretics- remains the 
cornerstone medication utilized even in cases of heart failure due to amyloid cardio-
myopathy. A loop diuretic combined with an aldosterone antagonist has been found 
to be the most efficacious combination of treatment for amyloid-associated heart 
failure [57, 62]. Along with drug therapy, other vital lifestyle changes include salt and 
fluid restriction, as well as regular weight measurements to monitor volume status.

7. Amyloidosis of the respiratory tract

Amyloidosis is characterized by pathological misfolding of the amyloid pro-
tein and its deposition as fibrils leading to organ dysfunction. Amyloidosis of the 
respiratory tract can be localized or a part of a systemic picture of dysfunction. 
Pulmonary amyloidosis is only symptomatic if amyloid deposits are present on the 
alveoli, causing impaired gas exchange. Amyloid deposition in the lung parenchyma 
may manifest as nodular deposits or lead to localized lymphomas.

Tissue deposits of misfolded amyloid protein in the form of fibrils characterize 
systemic amyloidosis. There are 15 different kinds of systemic amyloidoses, defined 
based on the characteristics of the deposited amyloid protein [63]. The primary 
kinds of amyloidosis that impact the lungs are systemic AL and localized AL con-
sisting of monoclonal light chains, AA amyloid consisting of apolipoprotein serum 
amyloid A, and ATTRwt consisting of wild-type transthyretin [64]. Regardless 
of the type of amyloid fibril that is deposited, all fibrils have the same backbone 
structure that the Congo red stain binds in order to reveal an apple-green birefrin-
gence under polarized light [65]. Tissue biopsy is central to diagnosis of amyloidosis 
as treatment modalities vary based on the type of amyloid protein that is deposited. 
Less invasive procedures like abdominal fat biopsy and fine needle biopsy are 
indicated over more invasive procedures like transbronchial biopsy [66, 67]. Once 
a biopsy is obtained, it is evaluated using immunohistochemistry. The lungs are a 
common site of amyloid deposition, although not always symptomatic. There are 
three main kinds of pulmonary amyloidosis: nodular, diffuse, and tracheobronchial. 
Systemic amyloidosis is symptomatic, and often as a result of chronic inflammation.

7.1 Nodular pulmonary amyloidosis

Nodular amyloid deposits involving the lung are usually an incidentaloma on 
chest imaging and usually consist of AL light chain or mixed AL-AH light chain-
heavy chain [68, 69]. Nodular amyloidosis has been associated with mucosa associ-
ated lymphoid tissue (MALT) and Sjogren disease [68]. In a study of 49 individuals 
with nodular AL amyloidosis, surgical resection and systemic chemotherapy 
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were the major forms of treatment [64]. In fact, conservative excision in nodular 
AL amyloidosis presents with a great prognosis, although intervention is rarely 
required as a whole.

7.2 Diffuse alveolar amyloidosis

Presence of amyloid deposits on the alveolar walls and adjoining blood vessels 
signifies diffuse alveolar amyloidosis [70–72]. Since pulmonary impairment is not 
prominent in diffuse alveolar amyloidosis, it is often observed as a finding of post-
mortem studies [73]. Positron emission tomography using radiolabeled florbetapir 
is one of the modalities that can help identify the diffuse alveolar variant of amyloi-
dosis [74]. Diffuse alveolar amyloidosis has a progressive course of interstitial lung 
disease involving an infiltrative imaging pattern and dyspnea [75].

Diffuse alveolar amyloidosis is most commonly a manifestation of systemic AL 
amyloidosis, which is why treatment takes the form of targeting the underlying 
systemic amyloidosis. Burden reduction of free light chain is deemed to be central 
principle of treatment. Chemotherapy like low-dose Melphalan derived for multiple 
myeloma currently drives the treatment modalities used for diffuse alveolar amyloido-
sis [76–78]. Prednisolone is another medication used for treatment purposes. However, 
it is important to fashion treatment on a personalized basis based on patient needs. 
Pulmonary amyloidosis especially complicates the scenario when diffusion capacity 
reduces to less than 50%, although stem cell transplantation is an option in these cases 
[79]. Lung transplant is yet another option to treat isolated lung amyloidosis [80].

7.3 Laryngeal amyloidosis

Usually localized in nature, laryngeal amyloidosis is manifested by amyloid 
deposits superior to the glottis. The larynx is the most common location for isolated 
amyloid deposition in the head and neck, and symptomatically presents with stri-
dor, dyspnea, and hoarseness [81]. Larger lesions are often surgically removed with 
an endoscopic excision or laryngofissure [82, 83]. Smaller lesions can be treated 
with carbon dioxide laser evaporation [84, 85].

7.4 Tracheobronchial amyloidosis

Tracheobronchial amyloidosis is characterized by submucosal plaques with 
occasional involvement of the trachea and larynx [86, 87]. Cough, dyspnea, and 
hemoptysis are common manifestations, with tracheal and bronchial thickening and 
calcifications being diagnostic markers on CT [88, 89]. Stenting is also used to prevent 
airway collapse in an already compromised respiratory circuit. Although treatment 
modalities for tracheobronchial amyloidosis are limited, systemic chemotherapy is 
sometimes used [89]. Tracheobronchial involvement can be symptomatically treated 
with debridement, bronchoscopic resection, and external beam radiation [90, 91].

7.5 A peek into the future

Agents are being developed that aim to help stabilize amyloid in their native 
morphology and slow down or even halt fibril deposition. Glycosaminoglycans 
(GAG)-like molecules inhibitors and Secreted Aspartyl Proteinase (SAP)-binding 
inhibitors are currently being developed. GAG binding to amyloid enhances amy-
loid fibril deposition, while SAP potentiates amyloidosis [92, 93]. Like mentioned 
earlier, it is paramount to mold each treatment plan according to the recipient to 
best suit the patient’s needs and goals of care.
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Chapter 3

The Role of Inflammation in 
Amyloid Diseases
Estefania P. Azevedo and Debora Foguel

Abstract

Amyloid diseases are characterized by the abnormal accumulation of protein-
aceous aggregates (amyloid fibrils or plaques) in tissues and organs. This class of 
diseases is also characterized by the presence of inflammation. Amyloid fibrils arise 
from the partial denaturing and unfolding of native proteins. The accumulation 
of amyloid fibrils causes tissue damage and elicits local and nonlocal immune cell 
infiltration into tissue and proinflammatory cytokine production. Moreover, these 
conditions fuel a vicious cycle that can increase amyloid production and create 
an environment of chronic inflammation. A chronically inflamed tissue rapidly 
deteriorates and loses its function. In this chapter, we will discuss important data 
gathered over the years describing the role of inflammation in amyloid diseases. We 
will describe how inflammation begins and how it affects disease progression for 
major amyloid diseases, such as Alzheimer’s disease (AD) and hereditary TTR amy-
loidosis (hATTR). Lastly, we will discuss the recent advancements in treatments for 
amyloid diseases and how they address inflammation in affected patients.

Keywords: amyloid diseases, neutrophils, proteases, fibrils, inflammation

1. Introduction

In 1849, the term “amyloid” was first introduced by Matthias Schleiden to 
describe a starch-like material identified by an iodine-sulfuric acid staining of 
plant tissues [1]. Later in 1854, Rudolph Virchow observed similar deposits in 
human nervous tissue that reacted in an analogous manner as the deposits in 
plants after the addition of Schleiden’s iodine-sulfuric acid stain [1]. With the 
advance in technological power and the advent of microscopy, researchers found 
that the starch-like deposits found in the diseased tissues of humans were made of 
proteinaceous structures that were organized as fibrils (termed “amyloid fibrils”) 
and coated with carbohydrates, hence the reaction to iodine-sulfuric acid stains 
[1]. More than 40 pathologies are part of the family of diseases characterized as 
“Amyloid Diseases” [2]. The criteria that allow such characterization rely on the fact 
that these pathologies contain a very specific hallmark: the accumulation of amyloid 
fibrils in cells, tissues and/or organs. Fibrils are formed after native proteins partly 
unfold and aggregate into oligomers or amorphous aggregates that later organize 
themselves into mature, β-sheet-rich fibrillar structures [2]. On a molecular level, 
amyloid fibrils extracted from different patients can be indistinguishable from 
each other [2]. These structures can be formed outside the cell or inside the cell 
[2], and when they accumulate, they cause cellular damage or mechanical damage 
(if  accumulating in between or on top of tissues).
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For decades, scientists believed that amyloid fibrils were stable and inert, and 
the end result of a nontoxic natural pathway that serves to scavenge and store 
highly reactive and toxic oligomeric intermediates formed during the process of 
protein folding [3–5]. The reactive hydrophobic residues found exposed in oligo-
meric intermediates are hidden in mature amyloid fibrils, thus unable to react with 
important cellular components [6]. Although the latter is true about amyloid fibrils, 
research in the last two decades shows that these structures are neither inert nor 
nontoxic [5, 7]. When extracellular, amyloid fibrils are readily identified by the host 
immune system, mainly by macrophages or neutrophils [8–10]. These immune cells 
have receptors that recognize and bind to the amyloid fibrils and intermediates, 
activating a signaling cascade that results in the production of proinflammatory 
molecules [8–10]. In this chapter, we will review the inflammatory component 
of some clinically important amyloid diseases, such as Alzheimer’s disease (AD) 
and familial amyloid pathologies, such as hereditary TTR amyloidosis (hATTR or 
familial amyloid polyneuropathy—FAP). We will also discuss how inflammatory 
cells contribute to disease progression by causing bystander damage to tissues or 
by enhancing protein aggregation, in the case of AA amyloidosis. Finally, we will 
provide the recent therapeutic approaches based on immune regulatory strategies 
for these diseases.

2. Inflammation in amyloid diseases

Inflammation is the term given to a form of immune defense that is widespread 
and requires a complex network of immune effector mechanisms to address tissue 
dysfunction or injury. The notion that inflammation is involved in amyloid patho-
genesis was first suggested in the 1970s in two reports on serum amyloid A (SAA) 
[11, 12]. Nowadays, it is known that this particular amyloidogenic protein expres-
sion is regulated by IL-6, an inflammatory cytokine, which results in increased 
levels of SAA [13]. Hyperexpression of SAA for long periods of time results in 
amyloid formation and deposition in tissue, characterizing amyloid A (AA) amy-
loidosis [13]. This particular type of amyloidosis occurs in chronic inflammation 
conditions, such as autoimmune diseases or cancer [13]. With the exception of 
inflammation-induced amyloidosis, such as AA amyloidosis, the role of inflam-
mation in most amyloid diseases is a more recent concept that emerged in the late 
1980s with the observation of microglia, a brain immune cell, found near amyloid 
plaques in postmortem brain tissue from Alzheimer’s disease (AD) patients [14–16]. 
After these first observations, more evidence on the involvement of inflammatory 
mechanism in amyloid pathogenesis has emerged.

2.1 Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is known as the most common neurodegenerative 
disease worldwide. It afflicts over 40 million people in the world, and because aging 
is the major risk factor for developing AD, its incidence will likely increase in the 
future as medical advances lead to increasing life span [17]. Although there is no 
definite known causative agent, most scientists agree that amyloid-β peptide (Aβ) 
is an important factor leading to AD [18]. Aβ is highly amyloidogenic, meaning 
that it has great potential to aggregate in solution [18]. Aβ is a small peptide ranging 
from 25 to 42 amino acids [18]. Extracellular aggregates of Aβ are the main protein 
present in amyloid plaques, a hallmark of AD [18]. Moreover, a small fraction of 
AD patients is diagnosed with familial AD, which is known to be the result of an 
infrequently inherited autosomal dominant mutation in one of the three genes 
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involved with the production of Aβ: the amyloid precursor protein (APP) gene, 
presenilin 1 (PSEN1), and presenilin 2 (PSEN2) [19]. The first findings pointing to 
a possible involvement of inflammatory mechanisms emerged around 1980 when 
scientists reported reactive microglia and astrocytes surrounding amyloid plaques 
of AD patients [14–16]. Nowadays, after years of research, inflammation is known 
to be implicated in AD by having a role in neuronal damage [20], Aβ generation 
[21], increased hyperphosphorylation of tau protein [22] (another hallmark of AD), 
and cognitive impairment [23]. In this part of the chapter, we will be focusing on 
summarizing the role of microglia in the progression of AD.

2.1.1 Role of microglia in AD

Microglia are the immune cells of the brain. They derive from myeloid precur-
sors which migrate into the brain during early embryonic development and play 
a major role in maintaining a healthy environment in the brain [24, 25]. Microglia 
use their surface receptors to constantly scan the central nervous system (CNS) for 
microbes or other damaging molecules [26]. When activated by a stimulus, microg-
lia mediate innate and adaptive immune responses or perform various functions 
in response to CNS disease or injury [26]. Microglia are of great importance for 
brain homeostasis, but uncontrolled or overactivated microglia can also contribute 
to brain diseases, such as AD.

Years of research is allowing deeper understanding of how microglia contribute 
to AD. Microglia produce inflammatory mediators, such as TNF-α [26], that can 
have a detrimental role when overproduced for long periods of time. Microglia are 
able to produce large quantities of TNF-α upon exposure to fibrillar and oligomeric 
Aβ [23, 27]. TNF-α is increased in the serum and CSF of AD patients and has 
additionally been detected in amyloid plaques [28–32]. Inhibiting TNF-α produc-
tion with the use of unspecific anti-inflammatory compounds, such as minocycline, 
or a specific neutralizing TNF-α antibody, (infliximab) results in downregulated 
inflammatory pathways (e.g., MAPK, AKT, and NF-κB) and abrogates cognitive 
deficits in mice [23, 33]. It has been shown that fibrillar and oligomeric Aβ can 
induce production of not only TNF-α but also other important inflammatory 
cytokines in microglia by binding and activating several receptors [23, 34]. This 
suggests the existence of a universal epitope found in aggregated material and a 
nonspecific response to amyloids. Also supporting this idea is the fact that two 
generic, widely used, conformation-specific antibodies have been generated (A11 
and OC antibodies) that recognize mutually exclusive structural epitopes in a range 
of amyloid-forming proteins, including Aβ, independently of any primary amino 
acid sequence similarities. A11 antibodies recognize anti-parallel β-sheet structures 
found in intermediate states, and OC antibodies detect parallel β-sheets found in 
mature amyloid fibrils [35]. Inflammation is a downstream consequence of aggre-
gated Aβ binding to receptors such as TLR-4 (toll-like receptor 4), RAGE (receptor 
for advanced glycation end products), CD36 [23, 36, 37], etc. It is important to note 
that some of these receptors are also able to recognize other aggregated non-Aβ 
materials [38]. Interestingly, these receptors are not only present in microglia, but 
some are also present in endothelial cells and neurons [39]. This suggests that the 
role of Aβ in AD is very complex.

Some receptors that primarily bind monomeric Aβ are not involved in patho-
logical, inflammatory processes. Receptors such as LRP1 (low-density lipoprotein 
receptor-related protein 1), PrPc (cellular prion protein), and PICALM (phosphati-
dylinositol-binding clathrin assembly protein) are able to bind monomeric Aβ and 
are thought to be involved in Aβ clearance, decreasing the Aβ burden and plaque 
formation in the brain [40]. Moreover, mutations in PICALM, which is a gene 
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mechanism in amyloid pathogenesis has emerged.

2.1 Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is known as the most common neurodegenerative 
disease worldwide. It afflicts over 40 million people in the world, and because aging 
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present in amyloid plaques, a hallmark of AD [18]. Moreover, a small fraction of 
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infrequently inherited autosomal dominant mutation in one of the three genes 
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involved with the production of Aβ: the amyloid precursor protein (APP) gene, 
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acid sequence similarities. A11 antibodies recognize anti-parallel β-sheet structures 
found in intermediate states, and OC antibodies detect parallel β-sheets found in 
mature amyloid fibrils [35]. Inflammation is a downstream consequence of aggre-
gated Aβ binding to receptors such as TLR-4 (toll-like receptor 4), RAGE (receptor 
for advanced glycation end products), CD36 [23, 36, 37], etc. It is important to note 
that some of these receptors are also able to recognize other aggregated non-Aβ 
materials [38]. Interestingly, these receptors are not only present in microglia, but 
some are also present in endothelial cells and neurons [39]. This suggests that the 
role of Aβ in AD is very complex.

Some receptors that primarily bind monomeric Aβ are not involved in patho-
logical, inflammatory processes. Receptors such as LRP1 (low-density lipoprotein 
receptor-related protein 1), PrPc (cellular prion protein), and PICALM (phosphati-
dylinositol-binding clathrin assembly protein) are able to bind monomeric Aβ and 
are thought to be involved in Aβ clearance, decreasing the Aβ burden and plaque 
formation in the brain [40]. Moreover, mutations in PICALM, which is a gene 
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that encodes a clathrin assembly protein and thus is involved in endocytosis, have 
been shown to be a risk factor for developing late-onset AD [41]. More convincing 
evidence of the significant role of neuroinflammation in AD is found in recent 
genome-wide association studies (GWAS). These studies have identified more 
than 20 gene variants as risk factors for developing late-onset AD. These disease-
modifying genes include genes involved in both innate and adaptive immune system 
responses: CR1, CLU, CD33, MS4A, ABCA7 EPHA1, TREM2, and HLA-DRB5/
HLA-DRB1 [41, 42]. It is interesting to note that all of these genes are present in 
microglia cells as well [41]. It is thought that these genes can change microglia func-
tion and increase the risk of AD.

2.1.2 Role of peripheral inflammation in AD

An emerging concept based on recent work is that peripheral inflammation, in 
addition to local, brain inflammation, also affects AD pathogenesis. Studies suggest 
that myeloid cells, such as neutrophils, can enter the brain and may also involve in 
Aβ clearance [10, 43]. Neutrophils can recognize fibrillar Aβ and produce in vitro 
and in vivo extracellular traps (NETs; a defense mechanism that results in neutro-
phil cell death) [10, 43]. Extracellular traps are protein and DNA-made meshes that 
can immobilize Aβ particles, degrade fibrillar amyloids, but are known to modulate 
other immune system effector mechanisms as well [44].

Acute systemic inflammation, caused by bacterial infection, exacerbates AD 
pathology [45], and chronic systemic inflammation, occurring in diseases such 
as rheumatoid arthritis (RA), depression, and obesity, has also been reported to 
modify the amyloid phenotype of AD mice and is considered common co-morbid 
states of AD patients. In autoimmune disease, chronic inflammation can increase 
the risk of developing AD. Patients with the autoimmune disease Sjögren’s syn-
drome (SS) are twice as likely to develop AD [46]. In RA, it has been shown that 
anti-TNF-α therapy has a protective effect on dementia [47]. In the case of depres-
sion, Aβ accumulation in AD mouse models induces depressive-like behavior, which 
is dependent on inflammation [23]. Inflammatory cytokine production reduces 
serotonin levels and contributes to behavioral changes in mice with AD [23]. Again, 
this can be prevented by anti-TNF-α therapy [23]. Obesity is a known comorbidity 
of AD and a low-grade chronic inflammatory disease. In humans and AD mouse 
models, cafeteria diet consumption and a higher BMI are known to accelerate AD 
pathology [48, 49]. For example, in humans, for every 1.0 increase in BMI at age 
70 years, AD risk increased by 36% in female patients [49].

In an attempt to cure AD, active immunization against Aβ was performed in 
mice and humans [50, 51]. Studies reported that immunization had a therapeutic 
effect on mouse models of AD [50–52]. Unfortunately, clinical Aβ vaccination trials 
have been interrupted due to the development of meningoencephalitis in 6% of 
the patients, likely involving the appearance of pro-inflammatory macrophages, 
CD4+ and CD8+ T cells [50]. As well as myeloid cells, T cells can enter the brain. 
There are myriads of T-cell subtypes surveilling the CSF and the meningeal mem-
branes [53], and they can enter the brain parenchyma upon cell injury [53]. It is 
not only brain-local T cells that react to Aβ but also blood T cells have been shown 
to have hyperreactivity to the Aβ peptide [54], specifically to epitopes within the 
residues 15–42 [54]. This evidence together suggests that the immune system and 
inflammation play significant roles in AD: not only helping with homeostatic Aβ 
clearance and preventing AD plaque formation but also by contributing to cell 
injury. Unfortunately, to date, tackling the immune system to prevent AD has yet to 
prove clinically effective.
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2.2 Hereditary ATTR (hATTR) amyloidosis

Transthyretin (TTR) is a 55-kDa tetrameric protein expressed and secreted 
mainly not only by the liver, but also by the choroid plexus in the brain [55]. This 
protein received this specific name due to its function: once in the plasma or 
in the cerebrospinal fluid, TTR acts as a retinol-binding protein and thyroxine 
transporter across the body [55]. More than 100 point mutations in the TTR gene 
have been described worldwide and most of them culminate in the production of 
abnormal protein with a high thermodynamic instability compared to its wild-type 
counterpart [55]. Only a handful of mutations are not pathogenic, such as the 
T119M mutation [56]. The pathogenic V30M variant is the most common mutation 
affecting a large population of people worldwide and results in the accumulation of 
TTR in various tissues, such as cardiac and nervous tissue [57]. Most TTR muta-
tions have a high propensity to aggregate under denaturing and even physiological 
conditions [58], forming amyloid fibrils that deposit in various tissues and organs 
[58]. For decades, most physicians and pathologists still regard hATTR amyloidosis 
as a disease without an inflammatory component, since most biopsies and ex vivo 
analysis showed no leukocyte infiltration [59]. However, with the appearance of 
new data in the last decade, hATTR amyloidosis is now being recognized as a dis-
ease with an important inflammatory component. Moreover, TTR amyloid fibrils 
are similar in structure to other amyloid fibrils and thus should induce similar 
inflammatory responses. One of the most common types of hATTR amyloidosis is 
known as familial amyloid polyneuropathy (FAP). FAP is an autosomal dominant 
hereditary disease characterized by the accumulation of amyloid fibrils in periph-
eral nerves, the gastrointestinal tract, and the heart [59]. This disease has three 
discernable stages: FAP 1 = unimpaired ambulation; mostly mild sensory, motor, 
and autonomic neuropathy in the lower limbs; FAP 2 = assistance with ambula-
tion required; mostly moderate impairment progression to the lower limbs, upper 
limbs, and trunk; FAP 3 = wheelchair-bound or bedridden; severe sensory, motor, 
and autonomic involvement of all limbs. This disease, as most amyloidosis, is 
incurable and results in death [59].

The diagnosis of FAP is challenging, often relying on genetic screening to identify 
TTR mutations as well as on the identification of Congo red-positive amyloid deposits 
in biopsies. These biopsies are generally invasive, and tissue is usually taken from 
the sural nerve, abdominal fat, or salivary glands [59]. The main go-to treatment for 
FAP is liver transplantation (LT), since the liver is the major organ of TTR produc-
tion. Unfortunately, LT presents mortality risks, and it is not available to all patients 
[60]. More recently, two new drug-based treatments have been FDA approved. One 
of these treatments use a new drug (Tafamidis) that works by stabilizing the TTR 
protein that is available in several countries showing effective results in controlling 
disease progression [61]. The other, just recently approved by the FDA, uses antisense 
oligonucleotides (ASOs) to target TTR production in the liver directly, decreasing the 
amount of TTR in the plasma, thus reducing protein aggregation [62].

Since the first study in 2001, the new concept that inflammation may play a role 
in the pathogenesis of FAP has emerged. Sousa and colleagues showed the presence 
of proinflammatory markers such as TNF-α and IL-1β in biopsies of FAP patients 
[63, 64]. Interestingly, the levels of proinflammatory and oxidative markers in 
ex vivo tissue positively correlate with the scoring stage proposed by Coutinho and 
colleagues in FAP patients, which is an index used to discriminate disease progres-
sion [65]. In addition, their study also showed the participation of the receptor 
RAGE, which can also bind Aβ fibrils, in the recognition of TTR amyloid fibrils 
[63]. In this first study, the authors suggest that Schwann cells, which are cells 
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that myelinate peripheral nerves, were responsible for the cytokine production 
observed in the neural tissue. A few years later, the presence of neutrophil-derived 
proteins in TTR amyloid deposits was described [66]. Proteins such as lipocalin and 
metalloproteinases were found together with TTR deposits in FAP patients [66]. 
The authors suggest that the sural nerve itself is the possible tissue producing these 
proteins for extracellular matrix remodeling and might be an effort to degrade amy-
loid fibrils deposited around them. Interestingly, a forgotten report in 1986 already 
reported the presence of neutrophil-derived proteins in amyloid-containing tissue 
[67]. The report in 1986 describes the presence of elastase, a neutrophil’s granule 
enzyme, in amyloid-containing tissue from patients diagnosed with AA amyloi-
dosis, primary amyloidosis caused by immunoglobulin light-chain aggregation 
and hATTR amyloidosis [67]. Notably, intact neutrophils were not found, which 
confirms the most pathologist reports of FAP tissues not having leukocyte infiltra-
tion. But how intracellular components from neutrophils appeared in amyloid-
containing tissue? Azevedo and colleagues reported in 2012 that a common epitope 
found in amyloid fibrils arising from different proteins, one of them being TTR, are 
able to activate neutrophils and induce elastase secretion in the form of extracellular 
traps [10]. These structures, called neutrophil extracellular traps (NETs), represent 
an important strategy to immobilize and kill invading microorganisms or in this 
case, aggregated proteins. The NET scaffold consists of DNA fibers associated with 
various granule proteins, one of them being elastase [10]. These elastase  
and DNA-traps accumulate in amyloid tissue and thus could explain why 
 elastase and neutrophil-derived proteins are found around amyloid tissues in FAP 
patients [10]. This immune response could also be an effort to eliminate amyloid 
fibrils or oligomers from the affected tissue. In 2012, another important report 
by Buxbaum and colleagues used an animal model of FAP to study the disease 
progression in mice [68]. The study showed the increased levels of inflammation-
related transcripts in both liver and heart of transgenic mice, strengthening the 
concept that inflammation might play an important role in FAP progression [68]. 
Additionally, Kurian and colleagues have observed sex-specific changes in blood 
cell gene expression in FAP patients, suggesting that inflammatory gene markers 
in circulating blood cells might be influenced by sexual dimorphisms [69]. More 
recently, new evidence shows the presence of elevated levels of IL-6 in FAP carriers 
that may be produced by myeloid cells and T cells [70].

These studies altogether suggest that inflammation in FAP consists of two differ-
ent phases. One phase in which inflammation possibly begins at the moment of TTR 
production in the liver. The synthesis and abnormal folding process of the mutated 
and unstable TTR in the liver requires a high energetic state and thus, may cause 
endoplasmic reticulum (ER) stress and the activation of the liver unfolding protein 
response (UPR). ER stress and the activation of UPR in liver were shown to cause 
pro-inflammatory cytokines production, such as IL-6 [71, 72]. IL-6 is known to 
increase the production of other proinflammatory intermediates and could enhance 
inflammation levels locally in the liver by activating liver-associated macrophages as 
seen in other nonamyloid diseases [73, 74]. It is ultimately important to understand 
whether the liver plays an important role in the inflammation observed in FAP 
patients due to the fact that most of these patients undergo domino liver trans-
plant. In this procedure, a liver failure patient receives a liver from a FAP patient. 
However, a five-year study described that 35% of patients that underwent domino 
liver transplantation presented FAP symptoms earlier than donor FAP patients 
[75]. These data indicate that FAP patients may have altered liver capacity and a 
low-grade chronic inflammation, decreasing the success of liver transplants. The 
second phase occurs after unstable TTR reaches the bloodstream and aggregation 
starts. TTR oligomers have been found in blood from FAP patients [76] and could 
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elicit the production of various inflammatory cascades in circulating leukocytes and 
T cells. Amyloid oligomers are formed before fibril deposition and have been shown 
to be toxic to cells [77] and elicit inflammation when presented to immune cells 
[23]. Small, toxic oligomers can also be produced in situ after the cleavage of mature 
fibrils through the action of local proteases, such as elastase and metalloprotein-
ase-9 [10, 66].

So far, in FAP patients and hATTR mouse models as well as in vitro, TTR fibrils 
are able to elicit inflammation and activate a myriad of cell types. In a broader clini-
cal context, the underlying inflammation that begins in asymptomatic patients and 
continues chronically might be important for the development of FAP-associated 
symptoms. Patients with FAP present symptoms other than neuropathy, such as 
gastrointestinal symptoms, cachexia, malnutrition, diarrhea, and others [59]. 
Inflammatory molecules are known to change neuroendocrine pathways leading 
to anorexia and thus cachexia in FAP patients. These new data point to an expla-
nation for a lot of unknowns concerning the pathogenesis of FAP. Additionally, 
understanding the role of inflammation in hATTR will help improve the quality of 
life and disease management in affected patients. There are currently no studies 
showing if inflammation can increase the risk of developing hATTR. However, it 
is possible that an inflammatory environment could decrease liver function and 
predispose an individual for the production of misfolded proteins, such as TTR.

2.3 Other amyloid diseases

Although recent papers have confirmed that amyloid fibrils present polymor-
phisms in topology, amyloids still possess an unchangeable structural fingerprint 
that is shared across species [78]. A lot of different proteins are able to form amyloid 
fibrils and not all amyloids are pathogenic. Various hormones are present in amy-
loid form in the pituitary gland [79], and melanocytes possess amyloids, which 
contribute to melanin formation [80], etc. What makes an amyloid pathogenic or 
not is still unclear. However, amyloids also possess another universal characteristic: 
they are able to activate the immune system and induce inflammation. This sug-
gests that inflammation may be an important component of many other amyloid 
diseases. Indeed, inflammation has been described in many other amyloid diseases. 
In Parkinson’s disease (PD), the involvement of inflammation in the disease process 
is supported by data showing the infiltration of activated microglia and T cells in 
post-mortem PD brains [81, 82] Additionally, there is accumulation of proinflam-
matory cytokines such as TNF-α, IFN-γ, and IL-6 IL-1β in the brain and cerebrospi-
nal fluid of PD patients [83, 84]. The PD culprit protein, α-synuclein, is able to bind 
to several immune receptors and elicits in vitro and in vivo inflammatory response 
[85]. Local inflammation has been thoroughly reported for PD patients, mainly 
derived from activated microglia [82, 85]. Protein aggregation in PD extends well 
beyond the CNS and also affects peripheral autonomic neuronal circuits, such as the 
enteric nervous system [86]. Gut inflammation has been recently reported in PD 
and is thought to be an important component of the disease [86].

Prion disease is another widely studied amyloid disease and is also known as 
Creutzfeldt-Jakob disease, fatal insomnia, spongiform encephalopathy, and Kuru. 
Prion diseases are rare, progressive neurodegenerative disorders that affect both 
humans and animals [87]. They are caused by the aggregation of PrPc (cellular 
prion protein) into transmissible, pathogenic prions [87]. These diseases are accom-
panied by long incubation periods and brain changes associated with neuronal loss 
[87]. Identifying a role of inflammation in these diseases is rather recent and begun 
with studies showing that the pathological hallmarks of the prion diseases are asso-
ciated with the presence of activated astrocytes and microglia [88]. CD8+ T cells are 
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[67]. The report in 1986 describes the presence of elastase, a neutrophil’s granule 
enzyme, in amyloid-containing tissue from patients diagnosed with AA amyloi-
dosis, primary amyloidosis caused by immunoglobulin light-chain aggregation 
and hATTR amyloidosis [67]. Notably, intact neutrophils were not found, which 
confirms the most pathologist reports of FAP tissues not having leukocyte infiltra-
tion. But how intracellular components from neutrophils appeared in amyloid-
containing tissue? Azevedo and colleagues reported in 2012 that a common epitope 
found in amyloid fibrils arising from different proteins, one of them being TTR, are 
able to activate neutrophils and induce elastase secretion in the form of extracellular 
traps [10]. These structures, called neutrophil extracellular traps (NETs), represent 
an important strategy to immobilize and kill invading microorganisms or in this 
case, aggregated proteins. The NET scaffold consists of DNA fibers associated with 
various granule proteins, one of them being elastase [10]. These elastase  
and DNA-traps accumulate in amyloid tissue and thus could explain why 
 elastase and neutrophil-derived proteins are found around amyloid tissues in FAP 
patients [10]. This immune response could also be an effort to eliminate amyloid 
fibrils or oligomers from the affected tissue. In 2012, another important report 
by Buxbaum and colleagues used an animal model of FAP to study the disease 
progression in mice [68]. The study showed the increased levels of inflammation-
related transcripts in both liver and heart of transgenic mice, strengthening the 
concept that inflammation might play an important role in FAP progression [68]. 
Additionally, Kurian and colleagues have observed sex-specific changes in blood 
cell gene expression in FAP patients, suggesting that inflammatory gene markers 
in circulating blood cells might be influenced by sexual dimorphisms [69]. More 
recently, new evidence shows the presence of elevated levels of IL-6 in FAP carriers 
that may be produced by myeloid cells and T cells [70].

These studies altogether suggest that inflammation in FAP consists of two differ-
ent phases. One phase in which inflammation possibly begins at the moment of TTR 
production in the liver. The synthesis and abnormal folding process of the mutated 
and unstable TTR in the liver requires a high energetic state and thus, may cause 
endoplasmic reticulum (ER) stress and the activation of the liver unfolding protein 
response (UPR). ER stress and the activation of UPR in liver were shown to cause 
pro-inflammatory cytokines production, such as IL-6 [71, 72]. IL-6 is known to 
increase the production of other proinflammatory intermediates and could enhance 
inflammation levels locally in the liver by activating liver-associated macrophages as 
seen in other nonamyloid diseases [73, 74]. It is ultimately important to understand 
whether the liver plays an important role in the inflammation observed in FAP 
patients due to the fact that most of these patients undergo domino liver trans-
plant. In this procedure, a liver failure patient receives a liver from a FAP patient. 
However, a five-year study described that 35% of patients that underwent domino 
liver transplantation presented FAP symptoms earlier than donor FAP patients 
[75]. These data indicate that FAP patients may have altered liver capacity and a 
low-grade chronic inflammation, decreasing the success of liver transplants. The 
second phase occurs after unstable TTR reaches the bloodstream and aggregation 
starts. TTR oligomers have been found in blood from FAP patients [76] and could 
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elicit the production of various inflammatory cascades in circulating leukocytes and 
T cells. Amyloid oligomers are formed before fibril deposition and have been shown 
to be toxic to cells [77] and elicit inflammation when presented to immune cells 
[23]. Small, toxic oligomers can also be produced in situ after the cleavage of mature 
fibrils through the action of local proteases, such as elastase and metalloprotein-
ase-9 [10, 66].

So far, in FAP patients and hATTR mouse models as well as in vitro, TTR fibrils 
are able to elicit inflammation and activate a myriad of cell types. In a broader clini-
cal context, the underlying inflammation that begins in asymptomatic patients and 
continues chronically might be important for the development of FAP-associated 
symptoms. Patients with FAP present symptoms other than neuropathy, such as 
gastrointestinal symptoms, cachexia, malnutrition, diarrhea, and others [59]. 
Inflammatory molecules are known to change neuroendocrine pathways leading 
to anorexia and thus cachexia in FAP patients. These new data point to an expla-
nation for a lot of unknowns concerning the pathogenesis of FAP. Additionally, 
understanding the role of inflammation in hATTR will help improve the quality of 
life and disease management in affected patients. There are currently no studies 
showing if inflammation can increase the risk of developing hATTR. However, it 
is possible that an inflammatory environment could decrease liver function and 
predispose an individual for the production of misfolded proteins, such as TTR.

2.3 Other amyloid diseases

Although recent papers have confirmed that amyloid fibrils present polymor-
phisms in topology, amyloids still possess an unchangeable structural fingerprint 
that is shared across species [78]. A lot of different proteins are able to form amyloid 
fibrils and not all amyloids are pathogenic. Various hormones are present in amy-
loid form in the pituitary gland [79], and melanocytes possess amyloids, which 
contribute to melanin formation [80], etc. What makes an amyloid pathogenic or 
not is still unclear. However, amyloids also possess another universal characteristic: 
they are able to activate the immune system and induce inflammation. This sug-
gests that inflammation may be an important component of many other amyloid 
diseases. Indeed, inflammation has been described in many other amyloid diseases. 
In Parkinson’s disease (PD), the involvement of inflammation in the disease process 
is supported by data showing the infiltration of activated microglia and T cells in 
post-mortem PD brains [81, 82] Additionally, there is accumulation of proinflam-
matory cytokines such as TNF-α, IFN-γ, and IL-6 IL-1β in the brain and cerebrospi-
nal fluid of PD patients [83, 84]. The PD culprit protein, α-synuclein, is able to bind 
to several immune receptors and elicits in vitro and in vivo inflammatory response 
[85]. Local inflammation has been thoroughly reported for PD patients, mainly 
derived from activated microglia [82, 85]. Protein aggregation in PD extends well 
beyond the CNS and also affects peripheral autonomic neuronal circuits, such as the 
enteric nervous system [86]. Gut inflammation has been recently reported in PD 
and is thought to be an important component of the disease [86].

Prion disease is another widely studied amyloid disease and is also known as 
Creutzfeldt-Jakob disease, fatal insomnia, spongiform encephalopathy, and Kuru. 
Prion diseases are rare, progressive neurodegenerative disorders that affect both 
humans and animals [87]. They are caused by the aggregation of PrPc (cellular 
prion protein) into transmissible, pathogenic prions [87]. These diseases are accom-
panied by long incubation periods and brain changes associated with neuronal loss 
[87]. Identifying a role of inflammation in these diseases is rather recent and begun 
with studies showing that the pathological hallmarks of the prion diseases are asso-
ciated with the presence of activated astrocytes and microglia [88]. CD8+ T cells are 
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also present in prion-affected brains and usually are found near activated microglia 
and prion amyloid plaques [89]. As inflammation progresses, inflammatory cyto-
kines are also detected in prion-containing brains [88], and these are thought to 
play an important role in behavioral changes and neuronal loss observed in affected 
mice. And this is yet another example of inflammation being widely present and 
contributing to pathogenesis in an amyloid disease which was first thought to not 
have an inflammatory component.

3. What is in store for the future: Therapies for amyloid diseases

Most amyloid diseases are still incurable. However, most of them can be 
managed using palliative care and drugs to decrease symptoms and extend 
the patients’ lives. In AD, efforts are concentrated in decreasing symptoms 
such as cognitive deficits [90]. Currently, there are five FDA-approved drugs 
to treat cognitive symptoms associated with AD. These drugs are basically 
acting on two different neurotransmitter systems in the brain: the cholinergic 
system and the glutamatergic system [90]. They act by blocking glutamate 
receptors and inhibiting cholinesterase activity, thus these drugs, when 
combined, can decrease excitotoxicity induced by an overload of glutamate in 
the synapse and making acetylcholine more available for a healthy synaptic 
transmission [90]. While in theory, and as seen in mouse models of AD, these 
drugs seem effective, in humans they work to certain extent decreasing the 
symptoms. Although these drugs can temporarily decrease symptoms, they 
are not able to stop the progression of AD, as they do not address amyloid 
accumulation [90]. Although great results were seen in mouse models, in AD 
patients, clinical trial using nonsteroidal anti-inflammatory drugs (NSAID) 
were unsuccessful to prevent or treat the disease, but these drugs only 
account for a small part of inflammatory pathways dependent on cyclooxy-
genases (COX) and have diverse side effects. For PD, treatment using drugs 
is aimed at enhancing cholinergic and dopaminergic transmissions and hence 
decreasing motor and gut-related symptoms, such as tremors and constipa-
tion [91]. Deep-brain stimulation is a surgical treatment available for PD 
and can also decrease motor symptoms [91]. Most treatments, as the ones 
described above, are aimed at treating the consequence of amyloid accumula-
tion rather than treating the amyloid accumulation itself or the inflammatory 
components of these many amyloid diseases.

For the hATTR diseases, two FDA-approved drugs have been developed to 
prevent amyloid accumulation in patients: tafamidis, a drug that stabilizes TTR 
and decreases TTR aggregation and antisense oligonucleotides against TTR, a drug 
that aims in reducing TTR production in the liver [61, 62]. In structure, tafamidis 
resembles most NSAID, and hence, it does not have any NSAID activity [92]. 
Notably, many other NSAID drugs also bind to TTR, stabilizing it [93]. However, 
many have not been to clinical trials at all or have not been successful in clinical 
trials because chronic use of NSAIDs is not indicated for patients with liver, renal, 
and heart problems [94], which are part of the symptoms affecting FAP patients. 
NSAIDs have also been used for treating other amyloid diseases, such as AD and 
PD, but again without success [95, 96]. Indeed, many AD and PD patients are older 
individuals that also possess additional conditions that exclude them from the 
chronic use of NSAIDs. The use of immunotherapies, especially for AD, has been 
thought to be an effective approach to treating the disease, but clinical trials have 
shown that autoimmune meningoencephalitis develops in a significant number 
of patients undergoing immunotherapy [50]. Usually these treatments aim to use 
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antibodies to neutralize the culprit of the disease, in the case of AD, the Aβ peptide 
[50]. Unfortunately, the autoimmune response, consisting of hyperreactive T cells, 
of patients has prevented the clinical trials from continuing further. Researchers are 
still investigating immunotherapies as a way to treat AD and managing the T cell 
response.

The use of antisense nucleotides (ASOs) for successfully decreasing the amount 
of native protein in the body remains the most effective therapy and maybe the path 
to cure amyloid diseases. ASOs have already been shown to be effective in hATTR 
disease [62], without eliciting any further autoimmune inflammatory response in 
patients receiving the therapy. There is growing interest in using ASOs in AD and 
PD, since many proteins that cause amyloid diseases have unknown or redundant 
physiological function [2]. This suggests that decreasing the levels of native, healthy 
protein in individuals may not cause problems for most bodily functions. By reduc-
ing the levels of native protein, ASOs ultimately decrease amyloid formation and 
accumulation and finally, all the immune responses that might come with unstable 
protein synthesis, aggregation, and amyloid deposition in tissue.

4. Conclusion

Amyloid diseases have been described in humans and animals since the 
1800s. This family of diseases has one defining characteristic: the presence of 
extracellular proteinaceous aggregates (amyloid fibrils or plaques) in tissues and 
organs. These amyloid fibrils arise from the unfolding of native protein, which 
vary according to the disease (for example, Aβ peptide in AD). Another common 
characteristic of amyloid diseases is the installment of inflammation during and 
after amyloid formation. Amyloid fibrils and tissue damage elicit local and nonlo-
cal immune cell infiltration into tissue and proinflammatory cytokine production. 
Together, these fuel a vicious cycle that can increase amyloid production, as 
seen in AA amyloidosis, and create an environment of chronic inflammation. A 
chronically inflamed tissue, as seen in autoimmune diseases, rapidly loose func-
tion and deteriorates. This is especially true for the nervous system, a delicate 
tissue in which self-repair is almost impossible. As most amyloid diseases affect 
the CNS, and inflammation is a fundamental component of amyloid disease, 
 studying inflammation in the CNS is imperative to our understanding of how 
to treat amyloid disease. Many current treatments focus on the consequences of 
amyloid accumulation and fail to address the basic underlying causes. The use 
of ASOs brings promise of improvements in amyloid disease therapeutics and 
fortunately is growing as an important tool used in disease therapy. Recognizing 
that inflammation plays a significant role in amyloid disease is essential to under-
stand the pathogenesis of amyloidosis and important for developing new targeted 
treatments in an era of growing demand.
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mice. And this is yet another example of inflammation being widely present and 
contributing to pathogenesis in an amyloid disease which was first thought to not 
have an inflammatory component.

3. What is in store for the future: Therapies for amyloid diseases

Most amyloid diseases are still incurable. However, most of them can be 
managed using palliative care and drugs to decrease symptoms and extend 
the patients’ lives. In AD, efforts are concentrated in decreasing symptoms 
such as cognitive deficits [90]. Currently, there are five FDA-approved drugs 
to treat cognitive symptoms associated with AD. These drugs are basically 
acting on two different neurotransmitter systems in the brain: the cholinergic 
system and the glutamatergic system [90]. They act by blocking glutamate 
receptors and inhibiting cholinesterase activity, thus these drugs, when 
combined, can decrease excitotoxicity induced by an overload of glutamate in 
the synapse and making acetylcholine more available for a healthy synaptic 
transmission [90]. While in theory, and as seen in mouse models of AD, these 
drugs seem effective, in humans they work to certain extent decreasing the 
symptoms. Although these drugs can temporarily decrease symptoms, they 
are not able to stop the progression of AD, as they do not address amyloid 
accumulation [90]. Although great results were seen in mouse models, in AD 
patients, clinical trial using nonsteroidal anti-inflammatory drugs (NSAID) 
were unsuccessful to prevent or treat the disease, but these drugs only 
account for a small part of inflammatory pathways dependent on cyclooxy-
genases (COX) and have diverse side effects. For PD, treatment using drugs 
is aimed at enhancing cholinergic and dopaminergic transmissions and hence 
decreasing motor and gut-related symptoms, such as tremors and constipa-
tion [91]. Deep-brain stimulation is a surgical treatment available for PD 
and can also decrease motor symptoms [91]. Most treatments, as the ones 
described above, are aimed at treating the consequence of amyloid accumula-
tion rather than treating the amyloid accumulation itself or the inflammatory 
components of these many amyloid diseases.

For the hATTR diseases, two FDA-approved drugs have been developed to 
prevent amyloid accumulation in patients: tafamidis, a drug that stabilizes TTR 
and decreases TTR aggregation and antisense oligonucleotides against TTR, a drug 
that aims in reducing TTR production in the liver [61, 62]. In structure, tafamidis 
resembles most NSAID, and hence, it does not have any NSAID activity [92]. 
Notably, many other NSAID drugs also bind to TTR, stabilizing it [93]. However, 
many have not been to clinical trials at all or have not been successful in clinical 
trials because chronic use of NSAIDs is not indicated for patients with liver, renal, 
and heart problems [94], which are part of the symptoms affecting FAP patients. 
NSAIDs have also been used for treating other amyloid diseases, such as AD and 
PD, but again without success [95, 96]. Indeed, many AD and PD patients are older 
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antibodies to neutralize the culprit of the disease, in the case of AD, the Aβ peptide 
[50]. Unfortunately, the autoimmune response, consisting of hyperreactive T cells, 
of patients has prevented the clinical trials from continuing further. Researchers are 
still investigating immunotherapies as a way to treat AD and managing the T cell 
response.

The use of antisense nucleotides (ASOs) for successfully decreasing the amount 
of native protein in the body remains the most effective therapy and maybe the path 
to cure amyloid diseases. ASOs have already been shown to be effective in hATTR 
disease [62], without eliciting any further autoimmune inflammatory response in 
patients receiving the therapy. There is growing interest in using ASOs in AD and 
PD, since many proteins that cause amyloid diseases have unknown or redundant 
physiological function [2]. This suggests that decreasing the levels of native, healthy 
protein in individuals may not cause problems for most bodily functions. By reduc-
ing the levels of native protein, ASOs ultimately decrease amyloid formation and 
accumulation and finally, all the immune responses that might come with unstable 
protein synthesis, aggregation, and amyloid deposition in tissue.
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Amyloid diseases have been described in humans and animals since the 
1800s. This family of diseases has one defining characteristic: the presence of 
extracellular proteinaceous aggregates (amyloid fibrils or plaques) in tissues and 
organs. These amyloid fibrils arise from the unfolding of native protein, which 
vary according to the disease (for example, Aβ peptide in AD). Another common 
characteristic of amyloid diseases is the installment of inflammation during and 
after amyloid formation. Amyloid fibrils and tissue damage elicit local and nonlo-
cal immune cell infiltration into tissue and proinflammatory cytokine production. 
Together, these fuel a vicious cycle that can increase amyloid production, as 
seen in AA amyloidosis, and create an environment of chronic inflammation. A 
chronically inflamed tissue, as seen in autoimmune diseases, rapidly loose func-
tion and deteriorates. This is especially true for the nervous system, a delicate 
tissue in which self-repair is almost impossible. As most amyloid diseases affect 
the CNS, and inflammation is a fundamental component of amyloid disease, 
 studying inflammation in the CNS is imperative to our understanding of how 
to treat amyloid disease. Many current treatments focus on the consequences of 
amyloid accumulation and fail to address the basic underlying causes. The use 
of ASOs brings promise of improvements in amyloid disease therapeutics and 
fortunately is growing as an important tool used in disease therapy. Recognizing 
that inflammation plays a significant role in amyloid disease is essential to under-
stand the pathogenesis of amyloidosis and important for developing new targeted 
treatments in an era of growing demand.
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Chapter 4

Pathologic Findings of 
Amyloidosis: Recent Advances
Moon Joo Kim, Donghwa Baek, Luan Truong and Jae Y. Ro

Abstract

Amyloids are aggregations of misfolded protein, which creates fibrillary struc-
tures. Unlike normally folded proteins, misfolded fibrils are insoluble and deposited 
extracellularly or intracellularly. The pathologic mechanism is still unclear, but 
resultant toxic oligomers within the tissue are known to damage the tissue via 
aberrant protein interactions. This condition has been known as amyloidosis. 
Different kinds of amyloid protein may cause similar or different clinical signs and 
symptoms, largely depending on the target organ it is deposited. However, because 
treatments and prognoses of each type are different drastically, it is critical to 
distinguish them and determine the specific type of amyloidosis. The confirmation 
and typing of amyloid heavily depend on pathologic examination of tissue. The 
gold standard method for the former is a Congo red staining and birefringence 
under polarized microscopy. The conventional way for the latter is immunohis-
tochemistry (IHC), where most of the amyloid types can be classified. However, 
electron microscopy, mass spectrometry, or other molecular methods are required 
for typing some amyloids that are difficult to identify through IHC. In this chapter, 
we will describe basic concepts of amyloidosis and pathologic findings of amyloid 
deposition, including atypical structural deposition. Furthermore, we will review 
methodologies for amyloid typing briefly.

Keywords: amyloid, amyloidosis, immunohistochemistry, molecular diagnosis, 
immunoelectron microscopy, atypical amyloid feature

1. Introduction

Amyloids are an aggregation of misfolded protein that creates fibrillary struc-
tures for various causes including hereditary or de novo mutations of the proteins 
and errors in the normal folding processes. This abnormally misfolded protein can 
aggregate into insoluble polymers or develop resistance against proteolysis. As a 
result, amyloid is deposited extracellularly or intracellularly within the tissue, caus-
ing tissue damage. This condition is called amyloidosis.

More than 90% of amyloid deposition is composed of protein fibrils, and the 
remainder of the deposition is proteoglycans, glycoproteins, or serum amyloid P 
components. Because more than 30 previously described species of amyloid protein 
share the same fibril structure, they may look similar when they are deposited 
within an organ. The structure of amyloid is observed by electron microscopy 
showing fibrils with a diameter of approximately 7.5–10 nm. Furthermore, 
β-pleated sheet structures within the fibrils were shown by X-ray crystallography 
and infrared spectroscopy.



59

Chapter 4

Pathologic Findings of 
Amyloidosis: Recent Advances
Moon Joo Kim, Donghwa Baek, Luan Truong and Jae Y. Ro

Abstract

Amyloids are aggregations of misfolded protein, which creates fibrillary struc-
tures. Unlike normally folded proteins, misfolded fibrils are insoluble and deposited 
extracellularly or intracellularly. The pathologic mechanism is still unclear, but 
resultant toxic oligomers within the tissue are known to damage the tissue via 
aberrant protein interactions. This condition has been known as amyloidosis. 
Different kinds of amyloid protein may cause similar or different clinical signs and 
symptoms, largely depending on the target organ it is deposited. However, because 
treatments and prognoses of each type are different drastically, it is critical to 
distinguish them and determine the specific type of amyloidosis. The confirmation 
and typing of amyloid heavily depend on pathologic examination of tissue. The 
gold standard method for the former is a Congo red staining and birefringence 
under polarized microscopy. The conventional way for the latter is immunohis-
tochemistry (IHC), where most of the amyloid types can be classified. However, 
electron microscopy, mass spectrometry, or other molecular methods are required 
for typing some amyloids that are difficult to identify through IHC. In this chapter, 
we will describe basic concepts of amyloidosis and pathologic findings of amyloid 
deposition, including atypical structural deposition. Furthermore, we will review 
methodologies for amyloid typing briefly.

Keywords: amyloid, amyloidosis, immunohistochemistry, molecular diagnosis, 
immunoelectron microscopy, atypical amyloid feature

1. Introduction

Amyloids are an aggregation of misfolded protein that creates fibrillary struc-
tures for various causes including hereditary or de novo mutations of the proteins 
and errors in the normal folding processes. This abnormally misfolded protein can 
aggregate into insoluble polymers or develop resistance against proteolysis. As a 
result, amyloid is deposited extracellularly or intracellularly within the tissue, caus-
ing tissue damage. This condition is called amyloidosis.

More than 90% of amyloid deposition is composed of protein fibrils, and the 
remainder of the deposition is proteoglycans, glycoproteins, or serum amyloid P 
components. Because more than 30 previously described species of amyloid protein 
share the same fibril structure, they may look similar when they are deposited 
within an organ. The structure of amyloid is observed by electron microscopy 
showing fibrils with a diameter of approximately 7.5–10 nm. Furthermore, 
β-pleated sheet structures within the fibrils were shown by X-ray crystallography 
and infrared spectroscopy.



Amyloid Diseases

60

Depending on the chemical nature and the origin of the amyloid, each amyloid 
type has a tendency to be deposited in certain tissue or organ. However, the clinical 
signs and symptoms of different types can be remarkably similar when those types 
of amyloid are deposited within the same organ. Moreover, the deposited amyloid 
will show the same bright pink homogeneous amorphous materials when the 
affected organ is examined microscopically. This can be confirmed by apple-green 
birefringence on Congo red stain with polarization and fluorescence microscopy. 
Even if they have a similar morphologic appearance and similar clinical pictures, 
the treatment and prognosis vary significantly according to the type of amyloid. 
Thus, distinguishing the amyloid type is essential.

2. Molecular pathogenesis

The mechanisms of amyloidogenesis of each protein are quite variable and 
involve different overlapping mechanisms and environmental factors. The four 
recurring themes include intrinsic amyloidogenic tendency, increased concentra-
tion, altered proteolytic cleavage, and genetic mutation.

Several indigenous proteins have an innate tendency to fold into amyloid 
structure. Such proteins include transthyretin (TTR) and atrial natriuretic peptide 
(ANF). The former can deposit in the heart, joint, and other organs in the elderly, 
even without genetic mutations, and cause wild-type TTR amyloidosis (wtATTR) 
(formerly, senile systemic amyloidosis). In contrary to transthyretin, which is 
deposited in both the atria and ventricle, ANF deposits selectively in the atria and 
causes isolated atrial amyloidosis (IAA). This condition is also more common 
among the elderly and associated with atrial fibrillation. Other intrinsically prone 
proteins include apolipoproteins A-I, A-IV, and E and serum amyloid protein (SAP), 
which are incorporated in other forms of amyloid plaques nonspecifically.

Interestingly, exogenous proteins that have an amyloidogenic property can 
also cause amyloidosis. Two peptide drugs, insulin and enfuvirtide, have recently 
been described to cause localized amyloidosis [1]. Both drugs are injected subcu-
taneously, and the drug polypeptides may aggregate into amyloid fibril forming 
a localized amyloidoma. The amyloid fibrils are composed of the drug peptides 
themselves, which was confirmed by mass spectrometry. This pharmaceutical 
amyloidosis is an important differential diagnosis in a patient who presents with 
abdominal nodules and has been on insulin or enfuvirtide therapy.

Another contributing factor is persistently high concentrations of amyloidogenic 
proteins. Such elevated concentrations make it easier for the proteins to deposit and 
form a nidus for fibril extension and stabilization. These high levels can be achieved 
by either overproduction or undersecretion. For instance, SAP expression is greatly 
increased under inflammatory conditions, where the protein can aggregate to cause 
AA amyloidosis. Another example is dialysis-associated amyloidosis (Aβ2M), 
where β-2 microglobulin (β2M) level is increased in patients with end-stage renal 
disease due to ineffective elimination.

Amyloidosis caused by altered proteolytic cleavage is classically exemplified by 
Alzheimer’s disease, in which amyloid-β precursor protein (AβPP) forms neuritic 
plaques. When AβPP is cleaved by β- and γ-secretases rather than normal α- and 
γ-secretases, a highly amyloidogenic and neurotoxic oligomer Aβ is produced. The Aβ is 
believed to cause cellular dysfunction and neurodegeneration in Alzheimer’s disease.

Lastly, genetic mutations of proteins can form amyloid fibrils by one or more 
mechanisms previously mentioned. These alterations may involve either gene 
overexpression or structural changes. The former promotes amyloidogenesis 
by increased concentrations and the latter by either conferring amyloidogenic 
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instability to the protein or making the protein subject to amyloidogenic proteolytic 
cleavage. One important example is duplication or triplication of the SNCA gene, 
which results in increased production of the gene product α-synuclein. It aggre-
gates into toxic oligomer and amyloid plaques (Lewy body) and causes familial 
Parkinson’s disease. In hereditary transthyretin amyloidosis (hereditary 
ATTR), more than 130 mutations in TTR gene induce further instability to intrinsi-
cally unstable transthyretin and result in amyloid deposition in the heart, kidney, 
and peripheral nerves. Another interesting kind of mutation that can potentially 
produce amyloid by altered proteolytic cleavage involves gelsolin protein. Several 
mutations of gelsolin make the protein vulnerable to cleavage by furin, a ubiquitous 
protein convertase, producing amyloidogenic fragment C68 and causing hereditary 
familial amyloidosis of Finnish type.

Although different mechanisms are shown to be involved in amyloidogenesis, how 
some amyloid fibrils are deposited selectively in certain organs is not well known. In 
localized amyloidosis, the location of amyloid deposition may be related to the tissue 
where the amyloid protein is originated. For instance, islet amyloid polypeptide (IAPP 
or amylin) is an amyloidogenic peptide with physiologic roles in glucose regulation 
and secreted along with insulin by Langerhans islet cells. In type 2 diabetes and 
insulinoma, IAPP is deposited only in the islet of Langerhans, not exocrine pancreas. 
Other factors that may explain organotropism of amyloid fibrils include physiochemi-
cal environment and extracellular matrix. In dialysis-associated amyloidosis, β2m 
deposition in joint and bone tissue may be explained by the affinity of β2m for col-
lagen, enhanced fibril extension by glycosaminoglycans such as heparan sulfate and 
bone resorption and nidus formation by proinflammatory cytokines and acidosis.

Another unsettled issue is how amyloid formation can damage the target tissue. 
Extracellular deposition of amyloid fibrils itself may disrupt the organ integrity 
as in cerebral amyloid angiopathy (CAA), where Aβ is deposited in the walls of 
meningeal or cortical vessels, weakens the vessel, and leads to lobar hemorrhage. 
However, available evidence indicates that the primary mechanism of tissue damage 
in the majority of amyloidosis involves toxic oligomers rather than mature amy-
loid fibrils themselves. Despite various cellular defensive mechanisms to prevent 
proteins from misfolding like molecular chaperones and cochaperones, ubiquitin-
protease pathway, and autophagy, such “proteostasis” machineries can be over-
whelmed by mechanisms mentioned above. The resultant misfolded oligomers may 
exhibit hydrophobic residues that are normally buried inside the normal quaternary 
structure of the protein, and they seem to induce aberrant interactions with other 
proteins, triggering unfolded protein response, cell death, inflammation, and other 
pathways of cell injury. Moreover, these toxic oligomers seem to “spread” to the 
surrounding tissue in a prion-like manner, further propagating cell injury.

3. Major types of amyloidosis

The most recent classification of amyloidosis has been published by the 
Nomenclature Committee of the International Society of Amyloidosis (ISA) 
in 2016. The classification listed 36 different extracellular fibril proteins seen 
in humans and animals, whose sequence is identified unequivocally (Table 1). 
According to this scheme, amyloid proteins can be broadly divided into systemic 
or localized in relation to the extent of organ involved by the condition. Systemic 
forms of amyloidosis are common and may result in serious clinical conse-
quences, while localized forms tend to be less common and clinically indolent 
unless they involve critical organs such as CNS. Therefore, the distinction 
between the two is important.
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Depending on the chemical nature and the origin of the amyloid, each amyloid 
type has a tendency to be deposited in certain tissue or organ. However, the clinical 
signs and symptoms of different types can be remarkably similar when those types 
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Table 1. 
Amyloid fibril protein classification and associated disease.
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Exhaustive review of every subtype is beyond the scope of this chapter. The more 
common and clinically important types of amyloid protein are described below.

3.1 Amyloid light chain (AL) protein

AL type amyloid is the most common amyloid in the United States. The AL chain 
is a clonal immunoglobulin light chain or light chain fragment, which is produced 
by the uncontrolled productions of antibodies by plasma cells. Lambda (λ) type 
(ALλ) is more common than kappa (κ) type (ALκ) light chain. This type of amyloi-
dosis is related to monoclonal plasma cell disorders, especially multiple myeloma or 
other B-lymphocyte-related disorders. If we cannot determine AL type amyloidosis 
to a certain disease, it is categorized as primary amyloidosis. Even if we cannot dem-
onstrate a specific disease to AL type amyloidosis, we still see monoclonal plasma 
cell proliferation in these patients. In either case, we can find immunoglobulin or 
light chain within the serum or urine. The most commonly affected organ is the 
kidney. The heart, peripheral nervous system, gastrointestinal tract, and respira-
tory tract can also be affected. A localized form of AL type amyloid can be seen in 
the gastrointestinal tract [2]. Amyloid heavy chain (AH) is rarely reported but also 
associated with monoclonal plasma cell disorder [3].

3.2 Amyloid-associated type (AA) protein

AA type amyloidosis is the most common amyloid worldwide. AA type amyloid 
is an acute phase protein derived from SAP by proteolysis. AA type amyloid is 
made in the liver, bounds to high-density lipoprotein (HDL), and is associated with 
chronic inflammatory disorder. In the past, the primary cause was predominantly 
of infections such as tuberculosis and chronic osteomyelitis. Nowadays, with the 
development of antibiotics, the most common source of AA type amyloid has 
become noninfectious inflammatory conditions, such as rheumatoid arthritis 
or inflammatory bowel diseases including Crohn’s disease and ulcerative colitis. 
Typical organs of AA type amyloid deposition are the kidney, liver, and spleen. 
AA type amyloidosis is also related to hereditary amyloidosis, caused by familial 
Mediterranean fever inherited as an autosomal recessive pattern. This is an auto-
inflammatory disorder characterized by frequent fever and serosal inflammation. 
The main affected organ is the kidney, but other organs such as the heart, spleen, 
and gastrointestinal tract can be affected [4].

3.3 Transthyretin amyloid (ATTR) protein

TTR is a transport protein made in the liver and choroid plexus. TTR transfers 
thyroxin and retinol in the blood and cerebrospinal fluid. TTR proteins can be 
differentiated into wild type and mutant type. TTR wild-type amyloid is associ-
ated with systemic senile amyloidosis and mostly affects heart ventricles in elderly 
patients. In this population, a prevalence of monoclonal gammopathy of unde-
termined significance (MGUS) has been reported [5]. TTR mutant type protein is 
related to hereditary amyloidosis. TTR mutant type protein can affect commonly 
peripheral nerves and other organs including the heart and gastrointestinal tract. 
This is inherited as an autosomal dominant pattern. The clinical course of TTR 
mutant type is relatively faster than TTR wild type in terms of onset and progres-
sion. Also, treatment and prognosis of two types are different. Therefore, distin-
guishing two types in early stage is important.
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3.4 Dialysis-related amyloidosis (Aβ2M)

β2M is a light chain component of the major histocompatibility complex (MHC) 
class I molecules. It is found in patients on dialysis and is rarely seen in renal 
failure patients who have not undergone dialysis. Since β2M is catabolized in the 
kidney, this protein may accumulate in renal failure patients. Conventional dialysis 
membranes do not remove this protein, thus dialysis-related β2M deposits occur 
in dialysis patients. Deposits occur mostly in the carpal ligaments, synovium, and 
bone. Other organs such as the heart, gastrointestinal tract, liver, lungs, prostate, 
adrenal glands, and tongue can be affected. These days, we use polyamide high-flux 
membranes to remove β2M, resulting in a lower incidence of this type of amyloid.

3.5 Amyloid β (Aβ) protein

Aβ protein comes from the proteolysis of an amyloid precursor protein known 
as transmembrane glycoprotein and accumulates as plaque in the cerebral cortex 
and in the blood vessel. Deposits within the blood vessels cause CAA, which induces 
progressive cognitive decline and lobar hemorrhage. The most well-known disease 
related to Aβ is Alzheimer’s disease. Rarely, familial Alzheimer’s disease, which 
occurs in an autosomal dominant pattern, is seen. In addition, by about age 50, 
Down syndrome patients present with amyloid deposits in the brain similar to those 
of patients with Alzheimer’s disease. Furthermore, a very rare form of hereditary 
cerebral hemorrhage with amyloidosis occurring in an autosomal dominant pattern 
has been reported.

Clinical symptoms are mostly nonspecific and may include headache, general 
weakness, edema, and weight change. Symptoms may also depend on the location and 
amount of amyloid deposition. Amyloid deposition in the heart causes arrhythmia, 
heart failure, or abnormal electric rhythm. Amyloid in the kidney eventually induces 
renal failure with proteinuria and uremia. If amyloid deposits within the blood ves-
sels, it creates ischemic or hemorrhagic condition for the organ. Amyloid deposition 
also mimics arthritis and peripheral neuropathy. Within the brain, it causes cognitive 
and memory disorders seen in Alzheimer’s disease or prion diseases. Localized deposi-
tion in the gastrointestinal tract has nonspecific gastrointestinal symptoms, such as 
dyspepsia or diarrhea. Since clinical symptoms are nonspecific, and most of the amy-
loid types can cause similar clinical features in the same organ; the clinical approach to 
amyloidosis is very limited. Therefore, a pathologic diagnosis of amyloidosis is critical.

4. Pathologic findings

Amyloid deposition is seen in the same manner within the same tissue no matter 
what protein it contains, except in a few cases. Grossly, amyloidosis deposition can 
appear as nodules and organomegaly, and sometimes it can show a pale gray to 
waxy color change with firm consistency. Microscopically, bright pink amorphous 
material deposition in extracellular space is most commonly observed under con-
ventional hematoxylin–eosin stain. Peculiar intracellular and spheroid type amyloid 
depositions may be seen, but they are rare.

Since the adventitious discovery by Hans Hermann Bennhold in 1922, Congo 
red stain has been the gold standard of confirming the presence of amyloid protein. 
When properly stained, the amyloid imparts red, orange, or salmon pink color. 
The subsequent demonstration of apple-green birefringence confirms the diag-
nosis of amyloidosis. However, this two-step method still suffers low sensitivity, 
specificity and reproducibility and heavily depends on the interpretation of highly 
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experienced pathologists. For instance, aside from the inherent sampling error, 
negative birefringence on positive Congo red stain may result in a false-negative 
result, even if the stained material actually contains amyloid. This “polarization 
shadow” can be overcome by rotating the slide table, which may detect additional 
small amount of amyloid protein. The intensity of the stain is also significantly 
affected by the washing process in the staining protocol, resulting in low reproduc-
ibility and mandating the use of positive control tissue. In addition, Congo red also 
stains collagen, elastin, or even non-fibrillary materials such as eosinophils, further 
complicating the interpretation.

To overcome such limitations of Congo red stain, additional filters such as a 
fluorescein isothiocyanate (FITC) or Texas red filter can be used [6]. These filters 
can augment the weak signal from Congo red into red fluorescence, greatly improv-
ing the detection sensitivity. Additional fluorochrome dyes, such as thioflavin T, can 
also be recruited. The stain becomes highly fluorogenic only when they are bound 
to amyloid, which imparts a yellow-green fluorescence when it is examined under 
fluorescence microscopy. Because both fluorescence filters and dyes are not entirely 
specific for amyloid, they should be used as adjunct in the context of Congo red 
stain. In conclusion, the light microscopic diagnosis of amyloidosis pertains not 
only to the on–off signal but also to staining techniques, specimen alignment under 
polarized light, fluorescence microscopy, and experience of the pathologist.

Generally, histological features are similar throughout the organ, but there are 
still specific features for specific organs, as will be discussed below.

4.1 Heart

Heart amyloidosis is induced by various types of amyloid. AL type is the most 
common amyloid found in the heart, while wtATTR, which causes systemic senile 
amyloidosis, is the second most common amyloid in the heart. Mostly, gross features 
will be normal unless it is late-stage amyloidosis. Minimal to mild enlargement of the 
heart, along with pale and waxy changes on the external surface, can be seen. Within 
the heart, ventricular wall concentric thickening, including that of the septum, is seen. 
The epicardium, endocardium, and valves can show nodular deposits. Histologically, 
there is no definite pattern of amyloid deposition based on the type of amyloid, and 
it normally shows blight pink amorphous deposition, showing an infiltrative pattern 
within the interstitium. Expanding to the myocardium can cause atrophy of myocar-
dial muscle. Also, arteriolar deposition can be seen in AL amyloidosis. Depending on 
the site of deposition and amount of deposition, it can cause conduction abnormality 
inducing arrhythmia, restrictive cardiomyopathy, and heart failure.

4.2 Kidney

The kidney is the most common organ where amyloid deposits. Various types 
of amyloid deposits can occur, but AA and AL type amyloids are the most common 
amyloid types seen in the kidney. Grossly, the kidney is firm, pale, and waxy. The size 
can vary between normal, enlarged, or small; if amyloid deposits within the arteries 
or arterioles and causes ischemia, the kidney becomes small. Histologically, there 
is no type-specific pattern. Amorphous bright pink deposits are mostly seen in the 
mesangium and capillary wall (Figures 1 and 2). In addition, interstitial peritubular 
tissue, arteries, and arterioles can be affected. Capillary wall thickening and mesangial 
expansion are seen. Sometimes, amyloid deposits protrude to the basement membrane 
of glomerular capillaries, showing discontinuity of the membrane. Expansion of amy-
loid within the mesangium eventually causes capillary obstruction and renal failure. 
Proteinuria is a very common finding among patients with kidney amyloidosis.
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experienced pathologists. For instance, aside from the inherent sampling error, 
negative birefringence on positive Congo red stain may result in a false-negative 
result, even if the stained material actually contains amyloid. This “polarization 
shadow” can be overcome by rotating the slide table, which may detect additional 
small amount of amyloid protein. The intensity of the stain is also significantly 
affected by the washing process in the staining protocol, resulting in low reproduc-
ibility and mandating the use of positive control tissue. In addition, Congo red also 
stains collagen, elastin, or even non-fibrillary materials such as eosinophils, further 
complicating the interpretation.

To overcome such limitations of Congo red stain, additional filters such as a 
fluorescein isothiocyanate (FITC) or Texas red filter can be used [6]. These filters 
can augment the weak signal from Congo red into red fluorescence, greatly improv-
ing the detection sensitivity. Additional fluorochrome dyes, such as thioflavin T, can 
also be recruited. The stain becomes highly fluorogenic only when they are bound 
to amyloid, which imparts a yellow-green fluorescence when it is examined under 
fluorescence microscopy. Because both fluorescence filters and dyes are not entirely 
specific for amyloid, they should be used as adjunct in the context of Congo red 
stain. In conclusion, the light microscopic diagnosis of amyloidosis pertains not 
only to the on–off signal but also to staining techniques, specimen alignment under 
polarized light, fluorescence microscopy, and experience of the pathologist.

Generally, histological features are similar throughout the organ, but there are 
still specific features for specific organs, as will be discussed below.

4.1 Heart

Heart amyloidosis is induced by various types of amyloid. AL type is the most 
common amyloid found in the heart, while wtATTR, which causes systemic senile 
amyloidosis, is the second most common amyloid in the heart. Mostly, gross features 
will be normal unless it is late-stage amyloidosis. Minimal to mild enlargement of the 
heart, along with pale and waxy changes on the external surface, can be seen. Within 
the heart, ventricular wall concentric thickening, including that of the septum, is seen. 
The epicardium, endocardium, and valves can show nodular deposits. Histologically, 
there is no definite pattern of amyloid deposition based on the type of amyloid, and 
it normally shows blight pink amorphous deposition, showing an infiltrative pattern 
within the interstitium. Expanding to the myocardium can cause atrophy of myocar-
dial muscle. Also, arteriolar deposition can be seen in AL amyloidosis. Depending on 
the site of deposition and amount of deposition, it can cause conduction abnormality 
inducing arrhythmia, restrictive cardiomyopathy, and heart failure.

4.2 Kidney

The kidney is the most common organ where amyloid deposits. Various types 
of amyloid deposits can occur, but AA and AL type amyloids are the most common 
amyloid types seen in the kidney. Grossly, the kidney is firm, pale, and waxy. The size 
can vary between normal, enlarged, or small; if amyloid deposits within the arteries 
or arterioles and causes ischemia, the kidney becomes small. Histologically, there 
is no type-specific pattern. Amorphous bright pink deposits are mostly seen in the 
mesangium and capillary wall (Figures 1 and 2). In addition, interstitial peritubular 
tissue, arteries, and arterioles can be affected. Capillary wall thickening and mesangial 
expansion are seen. Sometimes, amyloid deposits protrude to the basement membrane 
of glomerular capillaries, showing discontinuity of the membrane. Expansion of amy-
loid within the mesangium eventually causes capillary obstruction and renal failure. 
Proteinuria is a very common finding among patients with kidney amyloidosis.
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Figure 2. 
Mesangium deposition of amyloid in kidney, ALλ type in immunofluorescence.

4.3 Liver

The most common amyloid type in the liver is AL and leukocyte-derived chemo-
taxin 2 (LECT2) type [7]. LECT 2 type amyloid (ALECT2) deposition was relatively 
recently found within the kidney and first reported in 2008 [8]. LECT 2 is synthe-
sized in the liver and is a chemotaxin that attracts neutrophils. Grossly, appearance 
ranges from normal to moderate and massive hepatomegaly. Histologically, we can 
see bright pink amorphous deposition within the sinusoidal space and vessel in the 
portal tract. AL type tends to have a sinusoidal pattern and a vascular pattern in 
the portal tract, but AA type shows a vascular pattern within the portal tract [9] 
(Figures 3 and 4). A globular pattern in sinusoids has been reported in LECT 2 
hepatic amyloidosis [10]. Even if there are more specific patterns depending on the 
type, they are not accurate, and sometimes there are overlapping patterns. Thus, 
confirmation with a specific stain is important. Kupffer cells and Multinucleated 
giant cells can be seen near the amyloid deposition. If amyloid expands, it induces 
hepatocyte atrophy and replaces normal hepatic tissue, causing liver failure.

4.4 Spleen

The spleen is mostly affected by AL type with plasmacytoid lymphovascular 
proliferation. The spleen shows two distinct gross patterns which are sago spleen 
and lardaceous spleen. Sago spleen has a gray, waxy, nodular appearance and is 
mild to moderately enlarged, and histologically, white pulp (follicles) is affected. 

Figure 1. 
Mesangium depositions of homogeneously bright pink material in kidney, H&E stain.
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If amyloid deposits grow, they replace the white pulp. Lardaceous spleen shows 
a diffuse waxy appearance and moderate to marked enlargement. Histologically, 
amyloid deposition is seen within the splenic sinuses and blood vessels.

4.5 Brain

The most common amyloid we see in the brain is β-amyloid. β-amyloid accumu-
lates diffusely in the extracellular space of the cerebral cortex and is most commonly 
related to Alzheimer’s disease. Characteristically, we can appreciate numerous 
extracellular depositions of amyloid plaques within the cortex (Figure 5). Amyloid 
plaques show filamentous appearance and can be demonstrated with a Congo red 
and a silver stain and β-amyloid IHC. Some dense amyloid plaques are surrounded 
by dystrophic neurites, reactive astrocytes, and microglia. Additionally, β-amyloid 

Figure 3. 
Sinusoidal depositions of homogeneously bright pink material in liver, H&E stain.

Figure 4. 
Sinusoidal deposition of amyloid in liver, Congo red stain under Texas red filter.
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Figure 2. 
Mesangium deposition of amyloid in kidney, ALλ type in immunofluorescence.
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Figure 6. 
Spheroid type amyloid deposition in colonic submucosa, Congo red stain.

can deposit within small-to-medium-sized arteries in the superficial cortex and 
leptomeningeal space and causes cerebral amyloid angiopathy. Cerebral amyloid 
angiopathy causes recurrent lobar hemorrhage. Furthermore, most Alzheimer’s-
affected brains show cerebral amyloid angiopathy as well.

4.6 Other organs

In the tongue, nodular deposition is seen, causing macroglossia. Gastrointestinal 
tract deposition of amyloid is common with polyps or ulcerative lesions. In the late 
stage, the cut surface shows yellow and waxy mural thickening. Clinically, it can cause 
motility disorders or stricture. Not uncommonly, vessels in the gastrointestinal tract can 
have amyloid deposition. In the respiratory tract, grossly nodular appearance is seen, 
and histologically, such depositions can be divided into four patterns including tracheo-
bronchial, nodular parenchymal, diffuse alveolar septal, and lymphatic [11]. Skin depo-
sitions vary in size and shape, from papules to nodules and plaque. As an endocrine 
organ, the thyroid can present with goiter and is associated with medullary carcinoma. 
Localized nodular deposition in the bone causes amyloidoma. Inflammation including 
giant cell, lymphocyte, and spheroid structure has been reported [12]. Joint depositions 
are seen mimicking rheumatoid arthritis, but less synovial inflammation is seen. Bone 
marrow deposition is commonly seen in multiple myeloma patients. For patients on 
chronic dialysis, amyloid-related carpal tunnel has been seen.

Figure 5. 
Amyloid plaque seen in Alzheimer disease, β amyloid antibody in IHC.
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4.7 Atypical amyloid findings

Cases of intracellular amyloid deposition have been reported in few organs 
including cardiomyocytes, plasma cells, as well as the histiocytes and β cells of 
the pancreas [12–14]. Spheroid type (corpora amylacea-like) amyloid deposition 
is reported in pituitary adenoma, squamous cell carcinoma of the uterine cervix, 
and amyloidoma of the bone, jejunum, and colon [15–18]. One case of spheroid 
type amyloid deposition from our group in association with colon adenocarcinoma 
is identified [2] (Figures 6 and 7). Current hypothesis regarding spheroid type 
amyloid deposition is that during the process of amyloid removal by macrophages, 
amyloid is packed inside the macrophage, making spheroid formations that are 
extracted into the surrounding tissue [18].

5. Immunohistochemistry and immunoelectron microscopy

While the Congo red stain positivity and birefringence are the gold standard 
of confirming amyloidosis, they do not tell what type of amyloid is deposited. 
Considering managements and clinical outcomes vary drastically according to the 
types, further studies to identify the causative protein are critical. Clinicopathologic 
correlation cannot substitute for amyloid typing.

Immunohistochemistry (IHC) is the most commonly utilized method for 
subtyping amyloidosis. IHC takes advantage of relatively specific binding proper-
ties of antibodies against different types of amyloid fibrils to illuminate the amyloid 
protein in tissue. A panel of antibodies for more common types can subtype the 
majority of amyloidosis cases. Such antibodies include those against ALλ, ALκ, 
AHγ, ATTR, Aβ2M, and AFib (fibrinogen). The method has been widely used 
due to low cost, ease of use, rapid turnaround time, and formalin-fixed paraffin-
embedded (FFPE) section compatibility.

However, there is one important pitfall in IHC. Because of heterogeneity of 
amyloid fibrils, nonspecific staining is common, and this potentially complicates 
the interpretation. For instance, the antibody against Aλ is notorious for non-
specific staining of amyloid other than Aλ. This diagnostic pitfall mandates the 
use of multiple comparative IHC stains to separate the true diagnostic positivity 
from the nonspecific reaction. In comparative IHC, subtyping of amyloid is 
determined by the specific amyloid with the strongest immunohistochemical 
reactivity.

Figure 7. 
Spheroid type amyloid deposition in colonic submucosa, Congo red stain under polarizer filter.
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Although not as commonly utilized as IHC, electron microscopy (EM) is a pre-
ferred method over Congo red birefringence or IHC in some institutions due to ambi-
guity of these stains in the interpretation. EM can confirm or rule out amyloidosis by 
visualizing amyloid fibrils in tissue as non-branching fibers with an average diameter 
of 7.5–10 nm. Because these fibers are considerably thicker than collagen fibers in EM, 
this technique can avoid diagnosing collagen fibers as amyloid fibrils, which is com-
mon in Congo red stain due to birefringence of collagen fibers in abdominal fat biopsy.

Morphologic patterns of EM have been described in amyloidosis affecting 
certain organs. Selective deposition in mesangial matrix and basement membrane 
and subepithelial “spikes” or “spicules” under podocyte foot processes are seen in 
glomerular amyloidosis (Figure 8). Amyloid deposition in tubular basement mem-
brane, interstitial space, and vascular wall are observed in extraglomerular amyloid. 
However, such differences in distribution are not specific enough to indicate certain 
subtypes of amyloidosis.

Some authors may further utilize immunoelectron microscopy (IEM), in which 
immunogold stains—antibody probes conjugated with gold particles—for ALλ, 
ALκ, AA, and ATTR are used to subtype the amyloid fibril. These stains “decorate” 
the target amyloid fibers and can be seen as “beads” in the fibrillary matrix of 
amyloid. IEM can detect even small amounts of amyloid fibrils, at earlier stages of 
the disease. However, the processing deals with a very small piece of tissue and leads 
to a false-negative result due to the limited sampling, especially in cases where the 
amyloid deposits are focal. Another barrier is fixation, where architectural details 
are preserved by cross-linking, but at the same time loss of antigenicity may result 
from dehydration and embedding procedures. Therefore, alternative fixatives such 
as modified Karnovsky’s solution rather than conventional glutaraldehyde with 
different protocols are used for IEM examination.

6. Molecular diagnosis

Recent advances in MS-based proteomic analysis have revolutionized detecting 
and subtyping of amyloidosis. The analytic method has made it possible to detect 
and identify new kinds of amyloid fibrils as well as previously known ones in a 
given specimen without direct sequencing. One such example is ALECT2. As men-
tioned above, LECT2 is synthesized by the liver and released into the circulation 

Figure 8. 
Amyloid fibrils diameter of approximately 7.5–10 nm non branched fibers in kidney, EM.
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and has uncertain physiologic roles in the cartilage and liver. It has been shown that 
ALECT2 is one of the major causes of kidney and liver amyloidosis after AL and AA 
amyloidosis, especially among Hispanics. This major amyloidosis may have been 
unrecognized due to a relatively indolent clinical course and limited ethnic distribu-
tion. Because serum LECT2 levels are not elevated, and no mutations are found in 
LECT2 gene so far, ALECT2 might have been misdiagnosed as AL or AA amyloido-
sis and treated as such without MS-based analysis.

The MS-based proteomic analysis utilizes techniques like laser microdissec-
tion (LMD), high-performance liquid chromatography (HPLC), and a variety 
of computational database tools. Although earlier HPLC- and MS-based analysis 
suffered from lack of specificity due to heterogeneous nature of the specimen, LMD 
largely overcame such diagnostic inaccuracy. LMD deals with microscopic examina-
tion of the specimen, selection of a field of interest, and microdissection of the field 
using laser in an attempt to achieve pure amyloid plaques. The dissected specimen 
can be submitted for histochemistry, IHC, or MS analysis. For FFPE specimens, an 
extra step for protein release similar to antigen retrieval used in IHC is applied. The 
released proteins are treated with a proteolytic enzyme (most commonly trypsin), 
and the resultant digested peptide fragments are separated by HPLC and analyzed 
with MS. This analytic method is based on an assumption that each human protein 
has their unique tryptic fragmentation patterns, which serves as a “fingerprint” of 
the protein. The analysis involves a previously curated database on human proteins 
and a number of computational algorithms to predict the amino acid sequences of 
the proteins that are contained in a given specimen.

Although the LMD- and MS-based proteomic analysis has demonstrated 
great sensitivity and specificity, they have one major pitfall. Because MS-based 
proteomic analysis heavily depends on human protein databases available in 
public, new polymorphisms or mutations may not be listed in the databases and, 
thus, cannot be identified using the technique. In such situations, a separate 
workflow to compare the newly identified mutations against previously known 
variants is utilized.

7. Conclusion

Amyloidosis is characterized morphologically by amorphous deposition of 
amyloid within tissue. The deposition is caused by aggregation of misfolded 
protein. Any disruptive processes in protein homeostasis (proteinostasis) can cause 
such misfolding and aggregation. Although different species of amyloid protein 
have different organotropisms and physiochemical properties, they appear remark-
ably similar when deposited within the target tissue. Clinical signs and symptoms 
of different types are largely affected by the organ where the amyloid is deposited. 
However, different treatment modalities and clinical courses according to the type 
mandate the exact subtyping of amyloid.

The confirmation and subtyping of amyloidosis heavily depend on patho-
logic examination of abdominal fat, minor salivary gland, or target organs. The 
gold standard for confirmation of amyloidosis is Congophilia and birefringence. 
Additional modalities such as IHC, EM, and MS can help further subclassify the 
type of amyloidosis.

Lately, new types of amyloidosis have been identified by MS. Atypical structure 
of amyloid continues to be found in various organs. Contrary to the conventional 
definition of amyloid, such as extracellular amorphous deposition, intracellular and 
spherical structure amyloids have been discovered. In addition, novel mutations of 
the same protein have been shown to confer totally different clinical implications. 
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The accumulation of new histologic findings and molecular studies will be an 
important key to understanding the disease mechanisms and, further on, the treat-
ment of amyloid-associated diseases.
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Chapter 5

Renal Amyloidosis
Elena Zakharova

Abstract

Modern amyloid nomenclature, based on the amyloid fibril proteins, includes 
31 types of amyloidosis. Renal involvement is commonly seen in AA, AL, and 
several other hereditary and acquired amyloidoses. AA amyloidosis, constituting 
up to 45% of all systemic amyloidosis cases, is associated with wide variety of 
chronic inflammatory conditions. The precursor protein of the fibrils in AA amy-
loidosis is an apolipoprotein, called serum amyloid A, and produced in the liver 
in response to proinflammatory cytokines. AL amyloidosis is actually known to 
be the most common form of systemic amyloidosis in the Western countries. In 
this type of amyloidosis the precursor proteins are monoclonal immunoglobulin 
light chains, produced by plasma cell clone. Clinical diagnosis of AA and AL 
systemic amyloidosis is based on the presence of proteinuria or nephrotic syn-
drome and impaired kidney function in patients with extrarenal manifestations. 
Kidney biopsy is crucial for the diagnostics, and while Congo red staining with 
examination of Congo-positive material in the polarized light is confirmative for 
amyloidosis as such, immune staining, helpful to distinguish AA and AL types, 
guides treatment strategies. In cases when neither AA nor AL amyloidosis are 
confirmed, one should consider rare types of amyloidosis—ALECT2, AapolA, 
AFib or ALys.

Keywords: light chains, serum amyloid A, nephrotic syndrome, kidney function, 
kidney biopsy

1. Introduction

Modern amyloid nomenclature, based on the amyloid fibril proteins, includes 
31 types of amyloidosis [1]. Renal involvement is commonly seen in AL, AH, AA, 
ALECT2, and several other hereditary and acquired amyloidoses [1–4], main 
features are summarized in Table 1.

We describe below two most common types of amyloidosis, damaging  
kidneys—AA amyloidosis and AL amyloidosis.

2. AA amyloidosis

The precursor protein of the fibrils in AA amyloidosis is an apolipoprotein, 
called serum amyloid A, and produced in the liver in response to proinflammatory 
cytokines. AA amyloidosis, constituting up to 45% of all systemic amyloidosis 
cases, is associated with wide variety of chronic inflammatory conditions [5–7], 
summarized in the Table 2.
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Kidneys are the main site of involvement in AA amyloidosis, renal damage 
(Figure 1) occurs in 90% of cases, presenting with proteinuria, nephrotic syn-
drome (NS) and impaired kidney function [3, 6].

Rheumatoid arthritis, if poorly controlled, still remains one of the most com-
mon inflammatory diseases, associated with AA amyloidosis (Figure 2).

However, many other conditions, listed in Table 2, may be causative for AA 
amyloidosis. Frequency of the diseases, associated with AA amyloidosis in the 
patients, followed in our unit, is shown in Table 3.

Worthy to note, that beyond traditional causes, several rare conditions, such as 
sarcoidosis, cystic fibrosis and Castleman’s disease, complicated by AA amyloidosis, 
might be seen in the real practice (Figures 3 and 4).

Moreover, we recently described a patient with sclerosing angiomatoid nodu-
lar transformation of the spleen and AA amyloidosis [8], association previously 
unreported (Figures 5 and 6).

Presence of NS or proteinuria in patients with the history of any kind of chronic 
inflammatory conditions, indicates a high “suspicion index’ with AA amyloidosis. 
The diagnosis demands pathology confirmation with kidney biopsy, demonstrat-
ing not only positive Congo red staining of the material, infiltrating kidney tissue 
(see Figure 1), but also apple-green birefringence in polarized light (Figure 7) and 
serum amyloid A expression (Figure 8).

Treatment goal in patients with AA amyloidosis is a complete control of the 
inflammatory process [6]. Due to the various characters of the underlying diseases, 
treatment may include surgery, antibiotics, anti-TNF agents, colchicine and several 
novel drugs. Kidney transplantation for the patients with the end stage of renal 
disease (ESRD) is an important option and may be considered if a stable control of 
the underlying disease has been achieved.

Protein precursor Fibril 
protein

Clinical setting Kidney 
damage

Other target organs

Immunoglobulin 
light chain

AL “Primary” 
amyloidosis, LPD

70% All organs

Immunoglobulin 
heavy chain

AH LPD — All organs

Serum amyloid A AA Chronic 
inflammation

90% All organs except CNS

Leucocyte 
chemotactic factor-2

ALECT2 Not defined 
as acquired or 
hereditary

Primarily Liver

Transthyretin ATTR Hereditary and 
acquired

Common Heart, Eye, PNS, ANS, 
ligaments, tendon 
synovium, leptomeninges

Apolipoprotein A I AapoAI Hereditary Common Heart, liver, PNS, testis, 
larynx, skin

Apolipoprotein A II AapoAII Hereditary Primarily Many organs

Apolipoprotein A IV AapoAIV Acquired Primarily —

Fibrinogen α AFib Hereditary Primarily —

Lysozyme ALys Hereditary Primarily Liver

LPD, lymphoproliferative disorders; CNS, central nervous system; PNS, peripheral nervous system; ANS, autonomous 
nervous system.

Table 1. 
Amyloidoses with renal involvement.
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Infectious conditions with persistent 
inflammation

Chronic non-infectious diseases with persistent 
inflammation

Conditions predisposing to chronic infections

• Cystic fibrosis

• Epidermolysis bullosa

• Paraplegia

• Jejunoileal bypass

• Intravenous drugs use

Arthritis

• Rheumatoid arthritis

• Ankylosing spondylitis

• Adult Still disease

• Juvenile idiopathic arthritis

• Psoriatic arthritis

• Gout

Immunodeficiency’s predisposing to chronic infections

• Common variable immunodeficiency

• Hypogammaglobulinemia

• X-linked agammaglobulinemia

• Cyclic neutropenia

• HIV/AIDS

• Other immunodeficiencies

Bowel diseases

• Crohn’s disease

• Ulcerative colitis

Systemic vasculitis

• Behcet’s disease

• Polyarteritis nodosa

• Giant cell vasculitis

• Takayasu’s arteritis

• Polymyalgia rheumatica

Chronic infections

• Bronchiectasis

• Osteomyelitis

• Tuberculosis

• Leprosy

• Chronic pyelonephritis

• Whipple’s disease

• Chronic cutaneous ulcers

Other diseases

• Sarcoidosis

• SAPHO syndrome

• Schnitzler syndrome

• Rosai-Dorfman disease

• Recurrent idiopathic pericarditis

Neoplastic diseases

Blood malignancies

• Castleman’s disease

• Hodgkin’s lymphoma

• Waldenstrom macroglobulinemia

• Hairy cell leukemia

Solid tumors

• Hepatic adenoma

• Renal cell carcinoma

• Adenocarcinoma of the lung

• Adenocarcinoma of the gut

• Mesothelioma

Hereditary autoinflammatory syndromes

Classic

• Familial Mediterranean fever

Rare

• TRAPS

• Muckle-Wells syndrome

• NOMID/CINCA syndrome

• Hyper-IgD syndrome

• Other monogenic autoinflammatory syndromes

HIV, human immunodeficiency virus; AIDS, acquired immunodeficiency syndrome; SAPHO, synovitis, acne, 
pustules, hyperostosis, osteitis; TRAPS, TNF receptor associated periodic syndrome; NOMID, neonatal multisystem 
inflammatory disease; CINCA, chronic infantile neurological cutaneous and articular syndrome.

Table 2. 
Diseases, associated with AA amyloidosis.
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Figure 1. 
Renal AA amyloidosis, Congo red 100×.

Figure 2. 
Rheumatoid arthritis, complicated by renal AA amyloidosis with nephrotic syndrome.

Associated disease Patients (N) %

Rheumatoid arthritis 64 44.1
Ankylosing spondylitis 16 11.0
Psoriatic arthritis 7 4.8
Crohn’s disease/ulcerative colitis 3 2.0
Sarcoidosis 1 0.7
Mediterranean fever 14 9.6
Hyper-IgD syndrome 1 0.7
Bronchiectasis 10 6.8
Osteomyelitis 7 4.8
Paraplegia 6 4.1
Tuberculosis 4 2.7
Chronic cutaneous ulcers 3 2.0
Cystic fibrosis 1 0.7
Lung tumors 3 2.0
Hodgkin’s lymphoma 2 1.4
Castleman’s disease 2 1.4
Sclerosing angiomatoid nodular transformation of the spleen 1 0.7
Total 145 100

Table 3. 
Spectrum of the diseases, associated with AA amyloidosis, personal data, unpublished.
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Figure 3. 
Castleman’s disease, unfixed gross specimen.

Figure 4. 
Castleman’s disease, atypical lymphoid tissue, hematoxylin & eosin 100×.

Figure 5. 
Sclerosing angiomatoid nodular transformation of the spleen. Formalin-fixed gross specimen.
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3. AL amyloidosis

The precursor proteins of the fibrils in AL amyloidosis are monoclonal immuno-
globulin light chains, produced by plasma cell clone. AL amyloidosis, which is the 
most prevalent type of systemic amyloidosis in the Western countries, sometimes 

Figure 6. 
Sclerosing angiomatoid nodular transformation of the spleen. PAS 100×.

Figure 7. 
Renal AA amyloidosis, Congo red 100×, polarized light.

Figure 8. 
Renal AA amyloidosis, serum amyloid A, immunoperoxidase 100×.
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is associated with B cell lymphoproliferative disorders—multiple myeloma, 
Waldenström macroglobulinemia and non-Hodgkin lymphomas [9–14]. However 
usually AL amyloidosis is associated with low-grade plasma cell clone and do not 
meet the criteria for multiple myeloma or lymphoplasmacytic lymphoma, therefore 
formerly it was known as “primary” [15–18].

In the real practice, among 128 patients with biopsy-proven AL amyloidosis, fol-
lowed in our unit, 25 were diagnosed with multiple myeloma, 1—with Waldenström 
macroglobulinemia, and 102—with AL amyloidosis (“primary”).

Kidneys and heart are the main sites of involvement in AL amyloidosis with the 
occurrence up to 70% of cases. Renal involvement typically presents with protein-
uria or NS, which is manifested in more than 50% of patients at the time of diagno-
sis, and impaired kidney function progressing towards ESRD in about 20% of cases 
over time [19–21].

AL amyloidosis is diagnosed by demonstration of monoclonal deposits in the 
sites of amyloid deposition in the kidney (Figures 9–11).

Kidney biopsy is usually indicated for significant proteinuria and/or renal 
insufficiency in patients with signs and symptoms of heart, liver, tongue, 
intestine, peripheral and autonomous nervous system and soft tissues damage 
(Figures 12–17).

Monoclonal protein studies should be performed to match the monoclonal 
protein in circulation with the monoclonal deposits in the kidney (Figure 18).

Figure 9. 
Renal AL amyloidosis, Congo red 100×.

Figure 10. 
Renal AL amyloidosis, Congo red 100×, polarized light.
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Different treatment regimens had been used since 1997, when melphalan was 
introduced—melphalan and prednisone (MP), melphalan and dexamethasone 
(MD), and high dose melphalan with autologous stem cell transplantation (ASCT). 

Figure 11. 
Renal AL amyloidosis, light chain lambda, immunofluorescence 100×.

Figure 12. 
AL amyloidosis, electrocardiogram, low-voltage waves in all leads.

Figure 13. 
AL amyloidosis, echocardiogram, myocardial mirror-like appearance.
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Figure 16. 
AL amyloidosis, “racoon eye” symptom.

Figure 14. 
AL amyloidosis, macroglossia.

Figure 15. 
AL amyloidosis, “shoulder pad” symptom.
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Figure 16. 
AL amyloidosis, “racoon eye” symptom.
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AL amyloidosis, macroglossia.

Figure 15. 
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Figure 17. 
AL amyloidosis, spontaneous subcutaneous hemorrhages.

Figure 18. 
Serum electrophoresis, M-spike.

Figure 19. 
Treatment results in 49 patients with AL amyloidosis, personal data [23].
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Currently recommended treatment for AL amyloidosis, including cyclophospha-
mide-thalidomide-dexamethasone (CTD), bortezomib-dexamethasone (BD), 
cyclophosphamide-bortezomib-dexamethasone(CBD) regimens with relatively fast 
hematological response were adopted from multiple myeloma treatment protocols 
[22]. In our experience of treatment of systemic “primary” AL amyloidosis with 
kidney involvement using different regimens over almost three decades, cumulative 
survival did not differ statistically between melphalan-based and bortezomib-based 
regimens (Figure 19) [23].

4. Conclusions

Clinical diagnosis of AA and AL systemic amyloidosis, most often affecting kid-
neys, is based on the presence of proteinuria or nephrotic syndrome and impaired 
kidney function in patients with extrarenal manifestations. Kidney biopsy is crucial 
for the diagnostics, and while Congo red staining with examination of Congo-
positive material in the polarized light is confirmative for amyloidosis as such, 
immunofluorescence and immunohistochemistry technics are helpful to distinguish 
AA and AL types. Differential diagnostics of AA and AL types guides the treatment 
strategies. In cases when neither AA nor AL amyloidosis are confirmed, one should 
consider rare types of amyloidosis, based on the presence of renal involvement—
ALECT2, AapolA I, II and IV, AFib or ALys amyloidosis.
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Currently recommended treatment for AL amyloidosis, including cyclophospha-
mide-thalidomide-dexamethasone (CTD), bortezomib-dexamethasone (BD), 
cyclophosphamide-bortezomib-dexamethasone(CBD) regimens with relatively fast 
hematological response were adopted from multiple myeloma treatment protocols 
[22]. In our experience of treatment of systemic “primary” AL amyloidosis with 
kidney involvement using different regimens over almost three decades, cumulative 
survival did not differ statistically between melphalan-based and bortezomib-based 
regimens (Figure 19) [23].

4. Conclusions

Clinical diagnosis of AA and AL systemic amyloidosis, most often affecting kid-
neys, is based on the presence of proteinuria or nephrotic syndrome and impaired 
kidney function in patients with extrarenal manifestations. Kidney biopsy is crucial 
for the diagnostics, and while Congo red staining with examination of Congo-
positive material in the polarized light is confirmative for amyloidosis as such, 
immunofluorescence and immunohistochemistry technics are helpful to distinguish 
AA and AL types. Differential diagnostics of AA and AL types guides the treatment 
strategies. In cases when neither AA nor AL amyloidosis are confirmed, one should 
consider rare types of amyloidosis, based on the presence of renal involvement—
ALECT2, AapolA I, II and IV, AFib or ALys amyloidosis.
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Chapter 6

Neurological Manifestations 
of Transthyretin-Related 
Amyloidosis
Kourosh Rezania and Laleh Saadat

Abstract

Transthyretin related amyloidosis (ATTR) results from the tissue deposition of 
misfolded mutant or wild-type transthyretin (TTR). Involvement of nervous system 
often heralds the onset of ATTR. Familial ATTR is because of mutations in the TTR 
gene which lead to destabilization of the tetrameric structure of TTR and generation 
of amyloidogenic monomers, tissue deposition of which causes end organ injury 
specially neuropathy and cardiomyopathy. Peripheral neuropathy is typically axonal 
with early involvement of the autonomic nerves. Wild-type TTR (ATTRwt), is a com-
mon cause of cardiomyopathy in the elderly and may play a role in the pathogenesis 
of carpal tunnel syndrome and spinal stenosis in that age group. Diagnosis of ATTR is 
made by demonstrating tissue amyloid deposits, then proving that the amyloid depos-
its consist of mutant or wild-type TTR, which necessitates assessment of TTR gene 
sequencing. Disease modifying treatments have become available for ATTR through 
liver transplantation, stabilization of the TTR molecule (diflunisal and tafamidis) and 
suppressing the gene expression of TTR (inotersen and patisiran).

Keywords: TTR, ATTR, transthyretin amyloidosis, ATTRwt, tafamidis, diflunisal, 
inotersen, patisiran

1. Introduction

Systemic amyloidosis comprises a group of diseases characterized by deposi-
tion of misfolded proteins which express abnormal β-sheet conformation usually 
in the extracellular spaces in different tissues [1]. At least 36 amyloid precur-
sor proteins are recognized so far in the humans [2]. There are several general 
pathogenetic pathways that proteins become misfolded and create amyloid fibrils 
[3]: (1) presence of abnormal protein such as amyloid light chain (AL) or those 
caused by a mutation (such as familial ATTR and amyloidosis related to gelsolin 
mutations), (2) prolonged exposure to a normal protein such as systemic reac-
tive (AA) and dialysis related amyloidosis; and (3) age related amyloidosis such 
as senile systemic amyloidosis. This book chapter will discuss the neurological 
manifestations of familial and wild-type ATTR, their diagnosis and treatment. 
Although neuropathy related to familial ATTR is uncommon, it is underdiagnosed 
and causes profound disability and mortality, largely as a result of concomitant 
cardiomyopathy. Timely diagnosis and treatment improves the outcome as new 
disease modifying treatments have become available.
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2. Transthyretin (TTR)

TTR is a 127 amino acid protein, is encoded by 7 kb of DNA spanning exons 
1–4 of a single gene on chromosome 18 [4]. TTR is a carrier molecule of thyroxine 
and vitamin A. Serum TTR is synthesized and excreted by the liver as a tetrameric 
structure. Other sources of local TTR synthesis include epithelial cells of the 
choroid plexus and the retinal pigment epithelium. TTR is however dispensable 
for thyroid hormone homeostasis; TTR knockout mice are euthyroid and have 
a normal phenotype [5, 6]. The presence of point mutations in TTR results in 
destabilization of the tetramere, and dissociation into amyloidogenic monomers, 
which misfold and self-aggregate into insoluble amyloid fibrils (Figure 1). Two 
distinct types of amyloid fibrils have been described in TTR amyloid deposits: 
type A, consists of C-terminal TTR fragments and full-length TTR, and type B, 
which only consists of full-length TTR [7]. Type A fibrils often target the heart 
and type B fibrils occur predominantly with neurological symptoms [8]. Every 
organ of an individual patient contains the same (either type A or type B) fibrils, 
and the composition is unchanged over time. The presence of C-terminal TTR 
fragments has an impact on the affinity for various tracers used for intensity of 
tissue Congo red staining and of noninvasive imaging of amyloid depositions 
using 99 m-technetium-diphosphono-propanodicarboxylic acid scintigraphy [7].

3. Familial transthyretin related amyloidosis (fATTR)

fATTR is a multisystem disease involving the heart (cardiomyopathy, conduc-
tion disturbances), gastrointestinal tract, kidneys, thyroid, salivary glands, eyes, 
peripheral and central nervous system. More than 130 pathological mutations have 
been associated with fATTR [9, 10].

Figure 1. 
Amyloid formation by TTR requires rate-limiting tetramer dissociation to a pair of folded dimers, which 
then quickly dissociate into folded monomers. Partial unfolding of the monomers yields the aggregation-prone 
amyloidogenic intermediate. The amyloidogenic intermediate can misassemble to form a variety of aggregate 
morphologies, including spherical oligomers, amorphous aggregates, and fibrils. Tafamidis binding to the TTR 
tetramer (upper left, see text below) dramatically slows dissociation, thereby efficiently inhibiting aggregation 
[from [63], with permission].
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3.1 Epidemiology

There is a marked variation in the prevalence and age of onset of ATTR in 
different countries, partly as a result of variation in the type of pathogenic muta-
tion. fATTR is endemic in northern Portugal, Sweden and Japan, but sporadically 
occurs everywhere in the globe, with estimated number of about 5–10,000 patients 
worldwide [11]. The global prevalence is estimated at 0.87–1.1 per million; preva-
lence in Europe and Japan are estimated at 1/100,000 and 1 per million individuals 
respectively [12, 13]. The age of onset has a wide range, between 10s and 90s [10]. In 
Japan, the age of onset is bimodal, with early (30–40 year old) and late (60s) onset 
peaks [10]; on the other hand, the age of onset is more likely to be early (25–35 years 
old) in Portugal and late in Sweden [14, 15]. The most common mutation associ-
ated with familial amyloid polyneuropathy (FAP) is Val30Met mutation (replace-
ment of valine with methionine at position 30), with endemic spots in northern 
Portugal (where its prevalence is estimated at 1/538), Sweden, Japan, and Brazil. 
On the other hand, the most common mutation in the US metropolitan areas is 
Val122Ile (isoleucine is substituted for valine at position 122); this mutation almost 
exclusively occurs in patients of African descent and has he allele prevalence of 
0.0173; i.e. 3.43% of African Americans carry at least one copy of the mutant gene 
[16]. Val122Ile related fATTR generally has a cardiac phenotype. In the UK popula-
tion the majority of patients have the T60A missense mutation where tyrosine is 
replaced by adenine at position 60. This has been traced to a single founder muta-
tion from north-west Ireland [17].

3.2 Neurological manifestations

Depending on the mutation in TTR, the phenotype can be cardiologic, neuro-
logic, or mixed. Neurological manifestations, particularly polyneuropathy are the 
most common manifestations of some of the mutations.

3.2.1 Familial amyloid polyneuropathy (FAP)

FAP is the most common neurological manifestation of fATTR. It is autosomal 
dominant, but the penetrance is variable and dependent on the type of mutation. 
If untreated, patients will have progressive neuropathy and disability resulting 
in death 10–15 years after disease onset [18]. The Val30Met mutation is the most 
common mutation associated with FAP, with a variable disease phenotype. Early 
onset disease (age < 50), which is more common in endemic regions of Japan and 
Portugal has a high penetrance and presents with a progressive polyneuropathy 
predominantly involving the small fiber nerves, which is typically manifested 
by loss of distal pain and temperature sensation, and progressive autonomic 
dysfunction; the latter includes orthostatic hypotension, neurogenic bladder, 
erectile dysfunction and impaired bowel function (malabsorption, diarrhea and 
constipation), and the presence of cardiac conduction blocks often necessitate 
pacemaker placement [10, 19]. On the other hand, late onset (>50 year old) phe-
notype, which occurs in non-endemic regions of Portugal, Sweden and Japan and 
sporadic cases in other parts of the world, is characterized by a low penetrance 
rate, male sex predominance. Late onset cases may not have significant clinical 
dysautonomia, and often present with a progressive distal neuropathy involving 
large and small fiber modalities, presenting with motor weakness and loss of 
vibratory and position sense early on, often with significant neuropathic pain. 
Autonomic dysfunction was the initial manifestation of 48% of early onset and 
10% of late onset FAP in a previous study [20]. Late onset FAP is often misdiag-
nosed for more common entities in that age group such as idiopathic neuropathy 
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Portugal has a high penetrance and presents with a progressive polyneuropathy 
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or chronic inflammatory demyelinating polyneuropathy (CIDP) partly because 
of lack of positive family history and autonomic symptoms [9, 19, 21]. Other 
reasons for misdiagnosis include presence of demyelinating features in the nerve 
conduction study, elevated cerebrospinal fluid (CSF) protein level [22, 23], 
and negative abdominal fat pad a nerve biopsy for Congo-red amyloid stain-
ing [9]. In a previous study on patients with familial amyloid cardiomyopathy, 
abdominal fat pad and bone marrow biopsy showed amyloid deposits in 67 and 
41% of the patients respectively, while a sural nerve biopsy was positive in 83% 
of the patients who had that procedure [27]. It is therefore very important to do 
an amyloidosis workup, including echocardiography, nuclear imaging studies, 
and nerve biopsy on CIDP patients who do not respond to immunomodulatory 
treatment [9, 22, 23]. Val122Ile is the most common fATTR mutation in the USA, 
and usually has a cardiac phenotype, rather similar to ATTRwt (see below) [24, 
25]; but carpal tunnel syndrome is rather common and neuropathy has also been 
reported in Val122Ile ATTR [26]. Unusual neuropathy phenotypes of FAP include 
upper extremity onset, ataxic and motor predominant [13]. For example, FAP 
associated with T60A mutation (which one of the more common mutations in 
UK) is characterized by a non-length dependent sensory loss and motor deficits, 
often rapidly progressive disease, and lack of positive sensory symptoms [17]. 
There is a diagnostic delay of up to 4 years for FAP diagnosis, especially when 
the autonomic symptoms are lacking [9, 21, 27]; As effective treatments are now 
available for FAP, it is very important to diagnose it in early stages, and before the 
cardiovascular and neurological disability are not severe. Presence of “red-flag” 
symptomatology have been emphasized to expedite the diagnosis, these include 
positive family history for neuropathy, unexplained heart disease including but 
not limited to atrial fibrillation, cardiac hypertrophy on echocardiography, carpal 
tunnel syndrome, gastrointestinal symptoms (anorexia, constipation, diarrhea, 
nausea, vomiting and unexplained weight loss, alternating constipation and 
diarrhea), renal involvement (proteinuria and renal failure) and ocular disease. 
The presence of >1 of the aforementioned features should prompt genetic test-
ing for fATTR, as well as neurological and cardiovascular workup directed at 
the detection of amyloidosis [10, 28]. Gene sequencing has become increasingly 
affordable, and currently can be done free of charge for some patients in the USA 
(www.invitae.com/en/alnylam-act-hattr-amyloidosis; www.ambrygen.com/part-
ners/hattr-compass/healthcare-provider). Another rather common diagnostic 
challenge is differentiating ATTR from primary (AL) amyloidosis. Monoclonal 
gammopathy of unclear significance (MGUS) has been reported in ~20–50% 
of patients with ATTR cardiomyopathy [29, 30]. Very high (>5.0) or low (<0.2) 
kappa/lambda ratio usually imply AL amyloidosis whereas normal ratio (0.7–1.2) 
suggests ATTR [31]. Sometimes, however, the result of kappa/lambda ratio is 
inconclusive. Immunohistochemistry (IHC), i.e. staining of amyloid deposits 
with antibodies to kappa and lambda light chains as well as TTR can be used to 
make the differentiation between AL amyloidosis and ATTR, however, amyloid 
subtype cannot be determined in 20–25% of cases with IHC alone [32]. Laser 
capture microdissection of amyloid deposits (microdissection done on Congo 
red stained tissue materials) followed by mass spectroscopy has increased the 
sensitivity and specificity of amyloid subtyping to 98–100% [32, 33] (Figure 2). 
Lipid chromatography-tandem mass spectrometry (LC-MS/MS) is another, more 
recent technology which determines the presence of mutant peptides with rather 
high accuracy [33–35]. However, LC-MS/MS had a sensitivity of 84% in picking 
up mutations that were detected in the genetic testing in a recent US study on 
56 patients with fATTR cardiomyopathy [36]. Eight of the nine patients with 
mismatch between genetic testing and LC-MS/MS in the aforementioned study 
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were African Americans, two of whom were homozygote to Val122Ile mutation. 
Sensitivity of LC-MS/MS to pick up mutations is diminished in instances that 
mutation does not result in significant mass shift, or is located in regions of the 
gene with short tryptic peptides [34, 37]. Nuclear imaging studies, using bone 
avid tracers 99mTc-DPD (technetium-3,3-diphosphono-1,2-propanodicar-
boxylic acid), 99mTc-PYP (technetium-pyrophosphate) and 99mTc-HMDP 
(technetium-hydroxymethylene diphosphonate) have been increasingly used to 
diagnose ATTR related cardiomyopathy as they are widely available, have good 
sensitivity and are not costly [38, 39]. Demonstration of cardiac uptake using the 
aforementioned methods in a patient with neuropathy and heart disease strongly 
suggests ATTR if AL amyloidosis is excluded using serum and urine immunoelec-
trophoresis/immunofixation and assessment of serum free light chains [29].

3.2.2 Familial leptomeningeal and oculomeningeal amyloidosis

Leptomeningeal and meningovascular amyloidosis, often with concomitant 
vitreous opacity, are rare neurological manifestations of fATTR. Leptomeningeal 
amyloidosis has been reported with different TTR mutations (Val30Met, Val30Gly, 
Leu12Pro, Phe64Ser, Ala36Pro, Gly53Glu, Tyr69His, Ala25Thr, Tyr114Cys, 
Asp18Gly), sometimes in combination with FAP [40–47]. CNS symptoms include 
stroke, subarachnoid hemorrhage, dementia, hydrocephalus, ataxia, seizures, and 
sensorineural hearing loss. MRI studies may demonstrate leptomeningeal enhance-
ment and superficial siderosis (sequela of intracranial bleedings) and there may be 
markedly elevated CSF protein [46, 48]. Ocular and meningovascular manifesta-
tions are specially common after liver transplantation, as the patient lives longer 
and mutant TTR is still being ecreted from the retinal cells and choroid plexus [49]. 
A previous study demonstrated that 27/87 (31%) of patients with Val30Met related 
FAP had focal neurological episodes, which occurred on average >14 years after the 
onset of FAP; more common after liver transplantation but also in patients with 
milder phenotypes which have a longer survival [47].

Figure 2. 
Laser microdissection of amyloid deposits and mass spectroscopy. (a) Congo red-stained section of the 
postmortem heart specimen viewed under fluorescent light source. Bright red areas represent amyloid 
deposits. Areas microdissected for mass spectrometry-based proteomic analysis are indicated by purple-
colored lines. (b) The results of mass spectrometry-based proteomics analysis of amyloid plaques obtained by 
microdissection. The identified proteins are listed according to the relative abundance they were represented 
in two independent microdissections. The top 10 proteins are shown. The columns show the protein name, 
the UnitProt identifier (protein accession number in the UniProt database, http://www.uniprot.org/), the 
molecular weight of the protein (MW) and two microdissections (S1-S2). The numbers indicate number 
of total peptide spectra identified for each protein. The most abundant protein is TTR. Apolipoprotein 
E, serum amyloid P-component and apolipoprotein A-IV are constituents of many amyloid types. In 
contrast, the peptides representing TTR (The top hit) are only seen in ATTR amyloidosis [from [91] with 
permission].
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3.3 Treatment of familial ATTR

Disease modifying treatments have become available for FAP since 1990s, start-
ing with liver transplantation (Figure 3). Treatment strategies include: (1), deplet-
ing the source of mutant TTR (liver transplantation); (2), inhibition of formation 
of TTR (wild type and mutant), by preventing translation of mRNA with antisense 
oligonucleotide (ASO) or with small interfering RNA (siRNA) technologies;  
(3), stabilization of TTR tetramere by small molecules (diflunisal and tafamidis); 
and (4), therapy directed to remove the amyloid deposits [19]. Currently approved 
disease modifying treatments by US food and drug administration (FDA) include 
inotersen and patisiran; with tafamidis approval under FDA review.

3.3.1 Liver transplantation

Removing the source of mutant TTR (liver) was the first disease modifying 
treatment for FAP. Liver transplantation, however, involves a major surgery, which 
is not tolerated with patients with significant underlying cardiovascular disease, and 
necessitates lifelong immunosuppression. Overall 5 year survival after liver trans-
plantation is ~80% [50]. The 5 and 10 years survival rates post- transplantation were 
significantly better after Val30Met cases (82 and 74%) than the other mutations  
[50, 51]. Cardiomyopathy is a major determinant of prognosis with 10-year survival 
rates of 92 and 64% post-transplantation for patients without and with cardiomyop-
athy in a previous study [52]. Furthermore, liver transplant is more effective in chang-
ing the natural course of the disease in early onset Val30Met than the late onset cases, 
which could be due to more severe cardiomyopathy in the latter subtype [53]. Liver 
transplant is not an effective treatment for ATTRwt, leptomeningeal and ocular amy-
loidosis. Although ~90% of patients with early sensory neuropathy demonstrate disease 
stability after a liver transplant, organ involvement is not usually reversed, furthermore, 
FAP, and specially cardiomyopathy often deteriorate gradually post-transplant  
due to the deposition of ATTRwt [54, 55]. Advanced age and malnutrition are also 
risk factors for poor outcome/survival after liver transplantation [53, 56], partly 
because there is more predisposition to deposition of wild-type TTR in older age. 

Figure 3. 
Treatment strategies for fATTR (modified, from [92], with permission).
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Combined liver-kidney or liver-heart, and rarely liver-heart-kidney transplantation 
has been used for FAP patients with advanced renal or heart disease [55].

3.3.2 Stabilizers of TTR tetramere

Nonsteroidal anti-inflammatory drugs (NSAIDs) and tafamidis meglumine 
inhibit TTR tetramere degradation and therefore formation of amyloidogenic 
monomers. NSAIDs have structural resemblance to thyroxine, a natural tetramere 
stabilizer. Diflunisal and tafamidis are disease modifying treatments for fATTR.

3.3.2.1 Diflunisal

In a randomized, double blinded, placebo controlled trial on 130 patients with 
FAP, diflunisal 250 mg twice a day was well tolerated and slowed the progression of 
neuropathy over a period of 2 years [57]. In that study, the Neuropathy Impairment 
+7 (NIS + 7) score increased by an average of 25.0 points in the placebo group versus 
8.7 points in the diflunisal group (increase indicates deterioration of neuropathy). 
On the other hand, diflunisal also had a favorable effect on the quality of life; 
average of 36-Item Short-Form Health Survey (SF-36) physical scores decreased by 
4.9 points in the placebo group and increased by 1.5 points in the diflunisal group. 
Modified body mass index (BMI), the product of serum albumin concentration 
(measured in grams per liter) and BMI (calculated as weight in kilograms divided 
by height in meters squared), which is an indicator of malnutrition and correlates 
with survival in FAP [58, 59], was the only endpoint which did not show improve-
ment with diflunisal. In another study on 40 Japanese patients with fATTR, diflu-
nisal was effective on neurological and cardiological manifestations after a period 
of 24 months, 3 patients could not tolerate diflunisal because of declining renal 
function or thrombocytopenia [60]. Diflunisal is inexpensive and widely available, 
but some of the potential problems associated with NSAIDs in general, such as 
gastrointestinal adverse effects including bleeding, limit its use, and caution is to be 
exercised in its use in the setting of underlying heart or kidney disease [61].

3.3.2.2 Tafamidis (Vyndaqel)

Tafamidis was the approved in European Union in 2011, for adult patients with 
early FAP regardless of the type of mutation [12]. It has since also been approved 
in Argentina, Japan and Mexico, for delaying the neurological disabilities of FAP 
[62]. Tafamidis binds selectively to the two normally unoccupied thyroxine-
binding sites of the tetramer, and kinetically stabilizes TTR, including the less 
stable mutant TTR tetramers, preventing the tetramer dissociation, which is the 
rate-limiting step in the generation of amyloidogenic monomers [63] (Figure 1). 
In a previous study, 98% of the patients had TTR stabilization after 18 months of 
tafamidis [64]. Tafamidis is more effective in early onset Val30Met cases than late 
onset Val30Met and non-Val3 Met mutations, there was progression of disability 
score in 55% and deterioration of neuropathy score of most of patients with late-
onset ATTR V30 M involved in a nonrandomized controlled trial [13]. In a double 
blinded multicenter study, tafamidis 20 mg per day, was compared to placebo in 
an 18-month study in adult patients with early-stage Val30Met TTR-FAP [64]. 
There were no statistically significant differences between tafamidis and placebo 
for the coprimary endpoints (changes of the Neuropathy Impairment Score-
Lower Limb (NIS-LL) and Norfolk Quality-of- Life (QOL) Diabetic-Neuropathy 
Questionnaire) in the intent to treat population, which included patients who 
dropped out for liver transplantation. On the other hand, in the efficacy evaluable 
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population, tafamidis patients had significantly better outcomes with the primary 
endpoints. Furthermore, tafamidis group had more favorable outcomes in the 
secondary endpoints which included changes in neurologic function, nutritional 
status, and TTR stabilization. Tafamidis is generally well tolerated including in 
long term, post-marketing, extension studies, with the majority of adverse effects 
of mild to moderate severity [64, 65].

3.3.3 Gene therapies

Inhibiting the transcription of TTR mRNA by gene silencing technologies such 
as antisense oligonucleotides (ASO) and small interfering RNAs (siRNA) constitute 
most promising approaches in the treatment of FAP. Inotersen and patisiran were 
approved by FDA in 2018.

3.3.3.1 Inotersen

Inotersen is a 2′-O-methoxyethyl-modified ASO, which selectively binds to the 
TTR complementary RNA and inhibits the liver synthesis of both wild-type and 
mutant TTR. In a double blinded 15 months study, NEURO-TTR, FAP patients in 
earlier neuropathy stages (ambulatory with or without assistance) received weekly 
subcutaneous injections of inotersen 300 mg after loading dose of 3 doses in the 
first week, versus placebo [66]. All of the patients also received daily Vitamin A 
supplementation 3000 IU. The serum TTR level in the inotersen group signifi-
cantly dropped from its baseline with a median nadir of 79.0% from week 13 to 
65. Inotersen recipients did significantly better in the primary endpoints: there 
was a difference in the least-square mean of 19.7 points in modified Neuropathy 
Impairment Score+7 (mNIS+7) and 11.7 points in Norfolk Quality of Life-Diabetic 
Neuropathy (QOL-DN), favoring inotersen group, after 66 weeks of treatment. 
Inotersen also slowed the weight loss with a statistical trend towards efficacy on 
decline of BMI. Improvement of the course of FAP and quality of life in the patients 
who received inotersen occurred regardless of the mutation type or the presence 
of cardiomyopathy. This study did not have sufficient power to assess efficacy of 
inotersen on cardiomyopathy. Significant side effects of inotersen included glomeru-
lonephritis and thrombocytopenia. 23% of inotersen recipients developed a platelet 
count below 100 × 109/L, and three patients had platelet counts to <25 × 109/L, one 
of whom died of brain hemorrhage. Antiplatelet antibodies were positive in all of the 
3 patients with severe thrombocytopenia pointing to the immune mediated nature 
of this complication. As thrombocytopenia associated with ASO treatment can be 
severe and fatal, platelet counts should be closely monitored in patients who receive 
inotersen. Patients who developed nephropathy had a crescentic glomerulonephritis 
on the background of amyloidosis, kidney function in one patients improved after 
treatment with prednisone and cyclophosphamide; therefore, monitoring of kidney 
function and urine protein are also necessary during treatment with inotersen. As a 
matter of fact, there was no additional cases of severe thrombocytopenia, and only 
a single patient developed a mild glomerulonephritis after the implementation of 
enhanced monitoring in the NEURO-TTR study. Local skin reactions were generally 
mild and did not result in discontinuation of the treatment in any patient.

3.3.3.2 Patisiran

Patisiran is a siRNA oligonucleotide wrapped in nanoparticles for specialized 
delivery to the liver, where it targets the 3′ untranslated region of TTR’s messenger 
RNA, resulting its cleavage, and therefore lack of transcription of TTR mRNA to 
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a protein product. Treatment with patisiran therefore results in reduction in the 
production of both wild-type and mutant TTR. After preliminary studies showed 
dose dependent reduction of serum TTR in normal subjects and patients with FAP 
who received patisiran, and possible favorable effect on the course of neuropathy in 
a phase 2 study [67, 68], a recent phase 3 double blinded (APOLLO) study compared 
patisiran 0.3 mg/kg every 3 weeks intravenously to placebo in patients with FAP [69]. 
Patients who had undergone liver transplantation or those with advanced heart failure 
were excluded. Treatment with patisiran resulted in sustained reduction of serum 
TTR over a period of 18 months (median 81%, range − 38–95). Patisiran recipients 
did significantly did better in all primary endpoints: the least-squares mean mNIS+7 
change from baseline was −6.0 in the patisiran versus + 28.0 in the placebo group (dif-
ference of 34.0 points favoring the patisiran group; P < 0.001) and the effect could 
be seen as early as 9 months; The least-squares mean change from baseline in Norfolk 
QOL-DN was −6.7 in patisiran versus 14.4 in the placebo group (difference, −21.1 
points, P < 0.001); patisiran recipients also did better with the modified BMI and gait 
speed. Fifty one percent of patients who received patisiran versus 10% of those on 
placebo had improvement in the Norfolk QOL-DN score after 18 months. Treatment 
efficacy included patients with Val30Met as well as other mutations, and included 
sensory, motor and autonomic aspects of neuropathy. Patients in the patisiran group 
also had better cardiac outcomes, i.e. changes in NT-proBNP, left ventricular wall 
thickness and longitudinal stress, than those on placebo. The side effects that were 
more common in the patisiran than the placebo included infusion-related reactions 
(19%) and peripheral edema (30%). Infusion reactions (back pain, flushing, abdomi-
nal pain, and nausea) were mild to moderate and only one patient dropped from 
the study as their result. Thrombocytopenia and nephropathy were not among the 
patisiran related side effects in that study.

3.3.4 Other potential treatments

A combination of doxycycline, which is proposed to disrupt deposited fibril-
lar TTR amyloid fibrils [19, 55, 70] and tauroursodeoxycholic acid (a biliary acid, 
and also a disrupter of nonfibrillar TTR) has been effective in removal of amyloid 
deposits in a mouse model [71]. Another promising approach to resolve existing 
amyloid deposits is targeting serum amyloid P (SAP) component, which has an avid 
binding to all amyloid fibril types, resulting in stabilization of the amyloid fibrils 
and preventing their proteolysis [72]; antibodies to SAP have been promising in 
animal models of amyloidosis [73], and are being investigated in different forms of 
human amyloidosis.

4. Wild-type ATTR (ATTRwt), aka. senile systemic amyloidosis

Systemic Deposition of ATTRwt is a rather common process associated with 
aging. Previous studies have reported a prevalence of 12–25% for tissue deposi-
tion of ATTRwt in people older than 80 year old [74, 75]. Despite very common 
prevalence in postmortem and tissue studies, ATTRwt is not a very recognized 
entity among the community physicians and therefore it is rather underdiagnosed. 
Patients with ATTRwt typically present with cardiac manifestations, including 
congestive heart failure, atrial fibrillation and other arrhythmias. ATTRwt is 
increasingly diagnosed as a cause of heart failure with preserved ejection fraction 
(HFpEF) [76]. Embolic evens are frequently encountered, mean survival period 
from the onset of congestive heart failure symptoms is ~75 months [19]. There are 
differences between fATTR and ATTRwt in the pattern and shape of tissue amyloid 
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population, tafamidis patients had significantly better outcomes with the primary 
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of mild to moderate severity [64, 65].

3.3.3 Gene therapies

Inhibiting the transcription of TTR mRNA by gene silencing technologies such 
as antisense oligonucleotides (ASO) and small interfering RNAs (siRNA) constitute 
most promising approaches in the treatment of FAP. Inotersen and patisiran were 
approved by FDA in 2018.

3.3.3.1 Inotersen

Inotersen is a 2′-O-methoxyethyl-modified ASO, which selectively binds to the 
TTR complementary RNA and inhibits the liver synthesis of both wild-type and 
mutant TTR. In a double blinded 15 months study, NEURO-TTR, FAP patients in 
earlier neuropathy stages (ambulatory with or without assistance) received weekly 
subcutaneous injections of inotersen 300 mg after loading dose of 3 doses in the 
first week, versus placebo [66]. All of the patients also received daily Vitamin A 
supplementation 3000 IU. The serum TTR level in the inotersen group signifi-
cantly dropped from its baseline with a median nadir of 79.0% from week 13 to 
65. Inotersen recipients did significantly better in the primary endpoints: there 
was a difference in the least-square mean of 19.7 points in modified Neuropathy 
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Neuropathy (QOL-DN), favoring inotersen group, after 66 weeks of treatment. 
Inotersen also slowed the weight loss with a statistical trend towards efficacy on 
decline of BMI. Improvement of the course of FAP and quality of life in the patients 
who received inotersen occurred regardless of the mutation type or the presence 
of cardiomyopathy. This study did not have sufficient power to assess efficacy of 
inotersen on cardiomyopathy. Significant side effects of inotersen included glomeru-
lonephritis and thrombocytopenia. 23% of inotersen recipients developed a platelet 
count below 100 × 109/L, and three patients had platelet counts to <25 × 109/L, one 
of whom died of brain hemorrhage. Antiplatelet antibodies were positive in all of the 
3 patients with severe thrombocytopenia pointing to the immune mediated nature 
of this complication. As thrombocytopenia associated with ASO treatment can be 
severe and fatal, platelet counts should be closely monitored in patients who receive 
inotersen. Patients who developed nephropathy had a crescentic glomerulonephritis 
on the background of amyloidosis, kidney function in one patients improved after 
treatment with prednisone and cyclophosphamide; therefore, monitoring of kidney 
function and urine protein are also necessary during treatment with inotersen. As a 
matter of fact, there was no additional cases of severe thrombocytopenia, and only 
a single patient developed a mild glomerulonephritis after the implementation of 
enhanced monitoring in the NEURO-TTR study. Local skin reactions were generally 
mild and did not result in discontinuation of the treatment in any patient.

3.3.3.2 Patisiran

Patisiran is a siRNA oligonucleotide wrapped in nanoparticles for specialized 
delivery to the liver, where it targets the 3′ untranslated region of TTR’s messenger 
RNA, resulting its cleavage, and therefore lack of transcription of TTR mRNA to 
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a protein product. Treatment with patisiran therefore results in reduction in the 
production of both wild-type and mutant TTR. After preliminary studies showed 
dose dependent reduction of serum TTR in normal subjects and patients with FAP 
who received patisiran, and possible favorable effect on the course of neuropathy in 
a phase 2 study [67, 68], a recent phase 3 double blinded (APOLLO) study compared 
patisiran 0.3 mg/kg every 3 weeks intravenously to placebo in patients with FAP [69]. 
Patients who had undergone liver transplantation or those with advanced heart failure 
were excluded. Treatment with patisiran resulted in sustained reduction of serum 
TTR over a period of 18 months (median 81%, range − 38–95). Patisiran recipients 
did significantly did better in all primary endpoints: the least-squares mean mNIS+7 
change from baseline was −6.0 in the patisiran versus + 28.0 in the placebo group (dif-
ference of 34.0 points favoring the patisiran group; P < 0.001) and the effect could 
be seen as early as 9 months; The least-squares mean change from baseline in Norfolk 
QOL-DN was −6.7 in patisiran versus 14.4 in the placebo group (difference, −21.1 
points, P < 0.001); patisiran recipients also did better with the modified BMI and gait 
speed. Fifty one percent of patients who received patisiran versus 10% of those on 
placebo had improvement in the Norfolk QOL-DN score after 18 months. Treatment 
efficacy included patients with Val30Met as well as other mutations, and included 
sensory, motor and autonomic aspects of neuropathy. Patients in the patisiran group 
also had better cardiac outcomes, i.e. changes in NT-proBNP, left ventricular wall 
thickness and longitudinal stress, than those on placebo. The side effects that were 
more common in the patisiran than the placebo included infusion-related reactions 
(19%) and peripheral edema (30%). Infusion reactions (back pain, flushing, abdomi-
nal pain, and nausea) were mild to moderate and only one patient dropped from 
the study as their result. Thrombocytopenia and nephropathy were not among the 
patisiran related side effects in that study.

3.3.4 Other potential treatments

A combination of doxycycline, which is proposed to disrupt deposited fibril-
lar TTR amyloid fibrils [19, 55, 70] and tauroursodeoxycholic acid (a biliary acid, 
and also a disrupter of nonfibrillar TTR) has been effective in removal of amyloid 
deposits in a mouse model [71]. Another promising approach to resolve existing 
amyloid deposits is targeting serum amyloid P (SAP) component, which has an avid 
binding to all amyloid fibril types, resulting in stabilization of the amyloid fibrils 
and preventing their proteolysis [72]; antibodies to SAP have been promising in 
animal models of amyloidosis [73], and are being investigated in different forms of 
human amyloidosis.

4. Wild-type ATTR (ATTRwt), aka. senile systemic amyloidosis

Systemic Deposition of ATTRwt is a rather common process associated with 
aging. Previous studies have reported a prevalence of 12–25% for tissue deposi-
tion of ATTRwt in people older than 80 year old [74, 75]. Despite very common 
prevalence in postmortem and tissue studies, ATTRwt is not a very recognized 
entity among the community physicians and therefore it is rather underdiagnosed. 
Patients with ATTRwt typically present with cardiac manifestations, including 
congestive heart failure, atrial fibrillation and other arrhythmias. ATTRwt is 
increasingly diagnosed as a cause of heart failure with preserved ejection fraction 
(HFpEF) [76]. Embolic evens are frequently encountered, mean survival period 
from the onset of congestive heart failure symptoms is ~75 months [19]. There are 
differences between fATTR and ATTRwt in the pattern and shape of tissue amyloid 
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deposition [74]. In fATTR deposits are predominantly localized in the pericardium 
and surrounding muscle fascicles, on the other hand, they have patchy plaque-like 
shapes and mostly appear inside the ventricular wall in ATTRwt cases. Differences 
also exist between the shape of deposited amyloid fibrils between fATTR and 
ATTRwt in electron microscopy: in fATTR, long, straight fibrils are arranged in par-
allel, whereas short, rigid fibrils with haphazard arrangement are noted in ATTRwt, 
with endocardial region more involved than epicardium [74]. ATTRwt also involves 
other organs, often subclinically. In the pathological study by Ueda, et al., amyloid 
deposits were noted in bladder in 5/6 cases; deposits in the thyroid, pancreas, liver, 
gallbladder, adrenal gland, and gastrointestinal tract were mainly located in the 
walls of small arteries [74].

4.1 Diagnosis of ATTRwt

It should be noted that significant amount of ATTRwt deposition, not a mere 
presence, is needed to establish a pathogenic role [77]. ATTRwt is most com-
monly diagnosed in the setting of a late onset cardiomyopathy. Tissue deposition 
of amyloid with Congo Red staining and subsequent immunohistochemical or 
proteomic analysis of the amyloid deposits along with a TTR gene sequencing 
(which does not show a pathogenic Mutation) are usually needed to diagnose 
ATTRwt. On the other hand, Technetium-labeled bone scintigraphy tracers are 
long to be known to be able to detect myocardial amyloid deposits, and use of 
this imaging modality for the diagnosis of cardiac ATTR amyloidosis has been 
increasingly. In a recent study on 857 patients with histologically proven cardiac 
amyloid (374 with endomyocardial biopsies) and 360 patients with nonamyloid 
cardiomyopathies, myocardial radiotracer uptake on bone scintigraphy was 
>99% sensitive and 86% specific for cardiac ATTR amyloid, with false positives 
exclusively due to cases with AL amyloidosis [29]. Therefore cardiac ATTR can 
be diagnosed without a tissue biopsy and exclusion of AL amyloidosis based on 
serum and urine immunofixation and free lambda and kappa levels. Similar to the 
situation with fATTR, high prevalence of MGUS in ATTRwt poses a diagnostic 
challenge. About one fourth to 50% of patients with ATTRwt have a monoclonal 
gammopathy in the serum or urine and ~10% have a high serum kappa/lambda 
ratio [30, 78, 79]. It should be noted that abdominal fat pad aspiration and biopsy 
have a low sensitivity for ATTRwt, 12–14% on some of the previous studies [80, 
81], although using abdominal fat pad biopsy, sensitivity of 73% has also been 
reported in another study [82].

4.2 Neurological manifestations of ATTRwt

ATTRwt is generally not associated with a polyneuropathy. A previous report 
suggested ATTRwt as a cause of a rapidly progressive neuropathy in an elderly 
woman; amyloid deposits were present in the gastrocnemius, but not the sural 
nerve of that patient [83]. On the other hand, ATTRwt is rather commonly 
associated with late onset musculoskeletal problems, particularly carpal tunnel 
syndrome and lumbar spinal stenosis, but overall it is underdiagnosed. ATTRwt 
deposits have been demonstrated in about one third of tenosynovial tissues 
obtained during carpal tunnel release operation in elderly patients [84, 85], as well 
as in 30–45% of the resected tissues harvested during decompression surgeries for 
lumbar spinal stenosis [77, 86].  
The ATTRwt deposits are frequently minimal and may not be important from 
the pathogenesis standpoint [77]. On the other hand, more prominent amyloid 
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deposition may play a role in spinal stenosis as they cause increased thickness 
of ligamentum flavum or abnormal spinal stability [86]. Examination of teno-
synovial tissue on 100 patients with idiopathic CTS showed positive Congo Red 
staining on 34 patients, all also positively staining with anti TTR antibody with 
negative gene sequencing, consistent with ATTRwt [84]. On the other hand, in 
a single center study involving 31 ATTRwt patients, CTS was the most common 
presenting symptom in more than 50% of the patients [87]. In another recent 
prospective study on 98 patients with idiopathic CTS in men >60 year and women 
>50, who underwent decompressive surgery, amyloid deposits were found in 10 
patients, 5 of which turned out to be due to ATTRwt [88]. Spinal cord compression 
secondary to ATTRwt has also been rarely reported [89, 90]. Myopathy is rarely 
reported as a feature of ATTRwt, but in the author’s opinion it is underdiagnosed. 
We previously reported a patient who presented with bent spine syndrome due 
to ATTRwt related myopathy affecting the thoracic paraspinal muscles [91]. That 
patient succumbed as the result of consequences of cardiomyopathy and a cardio-
embolic stroke.

4.3 Treatment of ATTRwt

Although TTR stabilizers and suppressors of gene expression will likely suppress 
ATTRwt deposition, there are no current FDA approved disease modifying therapies 
for ATTRwt and the management remains to be symptomatic, such as medical 
treatment of heart failure and arrhythmias, including insertion of defibrillator/
pacemaker, and heart transplantation if necessary. Treatment of neuromuscular 
complications remains to be symptomatic as well, i.e. decompression surgeries of 
myelopathy and lumbar spinal stenosis and carpal tunnel syndrome release. The 
reasons for lack of disease modifying treatments include the fact that ATTRwt 
is underdiagnosed and the natural history of its neuromuscular complications is 
unknown. Furthermore, ATTRwt is a disease of older population and neuromuscu-
lar complications are likely overshadowed by other medical comorbidities specially 
heart disease [78], and therefore the effect of disease modifying treatments would be 
difficult to assess.

5. Conclusions

Familial amyloid polyneuropathy is a rare, but treatable cause of neuropathy, 
diagnosis in an early stage is essential to establish disease modifying treatment 
at a stage which the disability can be prevented from progression or potentially 
reversed. Diagnosis should be suspected when red-flag symptomatology is present 
in a patient with neuropathy; and can possibly be established by sequencing of 
transthyretin gene. Musculoskeletal disease such as carpal tunnel syndrome and 
spinal stenosis are early manifestations and underdiagnosed causes of wild-type 
transthyretin amyloidosis. Increased cardiac uptake on nuclear imaging studies is 
a sensitive, widely available diagnostic modality for early diagnosis of familial and 
wild-type transthyretin amyloidosis.
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deposits were noted in bladder in 5/6 cases; deposits in the thyroid, pancreas, liver, 
gallbladder, adrenal gland, and gastrointestinal tract were mainly located in the 
walls of small arteries [74].
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It should be noted that significant amount of ATTRwt deposition, not a mere 
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monly diagnosed in the setting of a late onset cardiomyopathy. Tissue deposition 
of amyloid with Congo Red staining and subsequent immunohistochemical or 
proteomic analysis of the amyloid deposits along with a TTR gene sequencing 
(which does not show a pathogenic Mutation) are usually needed to diagnose 
ATTRwt. On the other hand, Technetium-labeled bone scintigraphy tracers are 
long to be known to be able to detect myocardial amyloid deposits, and use of 
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reported in another study [82].
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suggested ATTRwt as a cause of a rapidly progressive neuropathy in an elderly 
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deposition may play a role in spinal stenosis as they cause increased thickness 
of ligamentum flavum or abnormal spinal stability [86]. Examination of teno-
synovial tissue on 100 patients with idiopathic CTS showed positive Congo Red 
staining on 34 patients, all also positively staining with anti TTR antibody with 
negative gene sequencing, consistent with ATTRwt [84]. On the other hand, in 
a single center study involving 31 ATTRwt patients, CTS was the most common 
presenting symptom in more than 50% of the patients [87]. In another recent 
prospective study on 98 patients with idiopathic CTS in men >60 year and women 
>50, who underwent decompressive surgery, amyloid deposits were found in 10 
patients, 5 of which turned out to be due to ATTRwt [88]. Spinal cord compression 
secondary to ATTRwt has also been rarely reported [89, 90]. Myopathy is rarely 
reported as a feature of ATTRwt, but in the author’s opinion it is underdiagnosed. 
We previously reported a patient who presented with bent spine syndrome due 
to ATTRwt related myopathy affecting the thoracic paraspinal muscles [91]. That 
patient succumbed as the result of consequences of cardiomyopathy and a cardio-
embolic stroke.

4.3 Treatment of ATTRwt

Although TTR stabilizers and suppressors of gene expression will likely suppress 
ATTRwt deposition, there are no current FDA approved disease modifying therapies 
for ATTRwt and the management remains to be symptomatic, such as medical 
treatment of heart failure and arrhythmias, including insertion of defibrillator/
pacemaker, and heart transplantation if necessary. Treatment of neuromuscular 
complications remains to be symptomatic as well, i.e. decompression surgeries of 
myelopathy and lumbar spinal stenosis and carpal tunnel syndrome release. The 
reasons for lack of disease modifying treatments include the fact that ATTRwt 
is underdiagnosed and the natural history of its neuromuscular complications is 
unknown. Furthermore, ATTRwt is a disease of older population and neuromuscu-
lar complications are likely overshadowed by other medical comorbidities specially 
heart disease [78], and therefore the effect of disease modifying treatments would be 
difficult to assess.

5. Conclusions

Familial amyloid polyneuropathy is a rare, but treatable cause of neuropathy, 
diagnosis in an early stage is essential to establish disease modifying treatment 
at a stage which the disability can be prevented from progression or potentially 
reversed. Diagnosis should be suspected when red-flag symptomatology is present 
in a patient with neuropathy; and can possibly be established by sequencing of 
transthyretin gene. Musculoskeletal disease such as carpal tunnel syndrome and 
spinal stenosis are early manifestations and underdiagnosed causes of wild-type 
transthyretin amyloidosis. Increased cardiac uptake on nuclear imaging studies is 
a sensitive, widely available diagnostic modality for early diagnosis of familial and 
wild-type transthyretin amyloidosis.
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Acronyms and abbreviations

TTR transthyretin
ATTR transthyretin related amyloidosis
fATTR familial transthyretin related amyloidosis
ATTRwt wild-type transthyretin related amyloidosis
CIDP chronic inflammatory demyelinating polyneuropathy
FAP familial amyloid polyneuropathy
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Chapter 7

Serum Amyloid A and 
Immunomodulation
Yu Fan, Chi Teng Vong and Richard D. Ye

Abstract

Serum amyloid A1 (SAA1), a major isoform of acute-phase SAA, is a well-known 
precursor of amyloid A (AA) that contributes to secondary amyloidosis with its 
tissue deposition. Acute-phase SAA is also a biomarker of inflammation. Recent 
studies have focused on the roles for acute-phase SAA in the regulation of immunity 
and inflammation. In vitro characterization of recombinant human SAA identified 
its chemotactic and cytokine-like properties, whereas the use of SAA isoform-spe-
cific transgenic and knockout mice has led to the discovery of new functions of SAA 
proteins in host defense and tissue homeostasis. Characterization of SAA-derived 
peptides has shown that fragments of SAA, generated through proteolysis, are 
bioactive and may contribute to a growing list of functions related to inflammation. 
This chapter summarizes recent progress in the studies of acute-phase SAA and its 
fragments in inflammation and immunomodulation.

Keywords: SAA, inflammation, immunity

1. Introduction

Serum amyloid A (SAA) was identified in early studies as the precursor of amy-
loid A (AA), the tissue deposit of which causes secondary amyloidosis [1–4]. SAA 
was also found as one of the major acute-phase proteins that are produced in large 
quantities by hepatocytes and released to blood circulation in response to trauma, 
infection, late-stage malignancy and severe stress [5, 6]. Extending from these 
early findings, increased levels of SAA were found both in plasma and in injured 
and inflammatory tissues. A large body of literature reports SAA as a biomarker 
in a variety of diseases ranging from acute inflammation, chronic inflammation, 
type-2 diabetes, malignancy and postsurgical complications [7–9]. However, the 
biological functions of SAA remained largely unknown for many years [10] despite 
efforts in it biochemical characterization, gene cloning of its isoforms, studies of 
the interactions between SAA and high-density lipoprotein (HDL), and delinea-
tion of its regulatory activities in inflammation and immunity. The widespread use 
of recombinant human SAA proteins has accelerated the characterization of the 
biological functions of SAA in vitro, but at the same time produced data that are not 
fully compatible with those obtained from in vivo studies. In the past decade, mice 
with genetically altered genes were prepared and their use in a number of diseases 
models has begun to delineate the pathophysiological functions of SAA in vivo. This 
chapter provides an overview of the studies of SAA that have been published and 
summarizes recent findings of the immunomodulatory functions of different SAA 
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proteins. For other functions of SAA, the interested reader is referred to several 
excellent reviews that have been published recently [9, 11–15].

2. SAA and its role in amyloidosis

SAA is the general name of a family of proteins with high sequence homology 
but encoded by distinct genes [16]. Both humans and mice have 4 SAA genes, but 
in human the SAA3 is a pseudogene that does not express [17]. SAA4 is constitu-
tively expressed in both humans and mice. In contrast, the expression of SAA1, 
SAA2 and in mice, SAA3, is highly inducible [18]. These SAA proteins are therefore 
termed acute-phase SAAs based on their induced expression during the acute-phase 
response [18, 19]. The human SAA genes are located on chromosome 11 while the 
mouse SAA genes are found in a cluster on chromosome 7 [20, 21].

At the primary sequence level, the human and mouse SAA proteins share high 
sequence homology (Figure 1), suggesting that these proteins may have similar 
functions although their modes of expression vary. Of note, although mouse SAA3 
has an expression profile different from that of SAA1 and SAA2, its sequence is as 
homologous to human SAA1 as mouse SAA1 and SAA2 (Figure 1). The sequence 
homology suggests that the functions of SAA3, expressed upon induction by 
inflammatory cues in various mouse tissues, may be similar to those of human 
SAA1 and SAA2.

Human SAA1 has been widely studied for its functions. SAA1 was first identi-
fied as a serum component recognized by antibodies raised against the amyloid 
fibril protein known as amyloid A (AA). In one of the studies, antisera were 
prepared against the major nonimmunoglobulin component of secondary amy-
loidosis. The antisera were able to detect a serum component that was present at 
much higher levels in more than half of the pathological samples collected from 

Figure 1. 
Comparison of the amino acid sequence of human and mouse inducible SAA proteins. The amino acid 
sequences of mature SAA protein (without signal peptides) are shown, and identical amino acids are marked 
with asterisks (*). Inset shows the percent of sequence homology between the 3 inducible mouse SAA proteins 
and human SAA1.
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patients compared to only 7% of normal controls [1]. Husby and Natvig found 
that the serum component detected by the antisera against AA was larger and its 
circulation level was increased with age and during pregnancy [2]. The protein 
immuoprecipitated by the antisera was of low molecular weight with similar but 
not identical amino acid composition of the AA fibrils [22]. It was thought that 
AA could be a subunit of the SAA protein [22], which was identified as a cleavage 
product of SAA.

Amyloidosis develops when insoluble amyloid fibrils accumulate in the extra-
cellular space of the tissues and organs in the body. Patients with chronic inflam-
matory diseases may develop AA amyloidosis, also termed secondary amyloidosis 
[23, 24]. SAA as an amyloid protein has the propensity of fibril formation. 
However, how SAA forms fibril is not fully understood. A number of observations 
suggest that SAA produced in inflammatory tissues is endocytosed into macro-
phages [25], where the acidic environment of lysosome promotes fibril formation 
[26]. The small amount of fibril formed is then exocytosed to the cell surface, 
prompting a nucleation-dependent incorporation of additional SAA into fibrils 
[27]. More recent studies have shown that SAA forms stable oligomers at pH of 
3.5–4.5, that are resistant to proteolysis and undergo α-helix to β-sheet conversion. 
The SAA accumulated in lysosomes eventually escape from the cells [28]. Based 
on these studies, AA fibril formation is a biphasic process [27, 29] that involves an 
intracellular phase and an extracellular phase. Proteolysis is involved probably in 
both phases [27, 30]. In the second phase, additional SAA proteins may be recruited 
with nucleation of AA fibrils, and cleavage of SAA may be a post-fibrillogenic 
event [31].

Recent delineation of the crystal structure of human SAA1 provides a structural 
basis for AA amyloidosis [32]. Despite high levels of sequence homology, different 
SAA isoforms have different propensity in forming AA fibrils. Human SAA1.1 has 
a high tendency of amyloidogenicity, whereas SAA2.2 found in the CE/J mice did 
not form amyloid fibrils [33, 34] despite sequence homology as high as 94% with 
SAA1.1. It was found that the structural determinants for amyloidogenicity reside in 
the first 10–15 residues of mature SAA protein [35]. In a more recent study, SAA2.2 
was found to form small fibrils within a few hours, in contrast to the long lag time 
of SAA1.1 that was characteristically oligomer-rich [36]. These fibrils exhibited 
different morphology and the fibrils of SAA1.1 were found to be pathogenic. The 
results of this study suggest that fibrillation kinetics and prefibrillar oligomers of 
different SAA isoforms may determine their pathogenicity even though they all pos-
sess intrinsic amyloidogenicity.

3. Production and characterization of SAA fragments

In AA amyloidosis, the insoluble AA amyloid protein is derived from the proteo-
lytic cleavage of SAA, generating an N-terminal fragment of SAA. In some cases, 
this AA amyloid protein lacks amino acids at both N- and C-terminus compared to 
the full-length SAA. One reported study found that the AA fibril protein purified 
from rheumatoid arthritis patients with secondary amyloidosis contained 2 frag-
ments with residues 1–50 and 1–45 [37]. However, a SAA fragment with residues 
1–76 (or 2–76) was most commonly found in amyloid fibrils, such as those from the 
livers and spleens of patients with familial Mediterranean fever (FMF), tuberculo-
sis, Hodgkin’s diseases and bronchiectasis [24, 38].

In patients with rheumatoid arthritis, higher serum levels of metalloproteinases 
(MMPs)-1, -2, -3 and -9 were detected compared to healthy controls [39, 40], and 
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proteins. For other functions of SAA, the interested reader is referred to several 
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functions although their modes of expression vary. Of note, although mouse SAA3 
has an expression profile different from that of SAA1 and SAA2, its sequence is as 
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patients compared to only 7% of normal controls [1]. Husby and Natvig found 
that the serum component detected by the antisera against AA was larger and its 
circulation level was increased with age and during pregnancy [2]. The protein 
immuoprecipitated by the antisera was of low molecular weight with similar but 
not identical amino acid composition of the AA fibrils [22]. It was thought that 
AA could be a subunit of the SAA protein [22], which was identified as a cleavage 
product of SAA.

Amyloidosis develops when insoluble amyloid fibrils accumulate in the extra-
cellular space of the tissues and organs in the body. Patients with chronic inflam-
matory diseases may develop AA amyloidosis, also termed secondary amyloidosis 
[23, 24]. SAA as an amyloid protein has the propensity of fibril formation. 
However, how SAA forms fibril is not fully understood. A number of observations 
suggest that SAA produced in inflammatory tissues is endocytosed into macro-
phages [25], where the acidic environment of lysosome promotes fibril formation 
[26]. The small amount of fibril formed is then exocytosed to the cell surface, 
prompting a nucleation-dependent incorporation of additional SAA into fibrils 
[27]. More recent studies have shown that SAA forms stable oligomers at pH of 
3.5–4.5, that are resistant to proteolysis and undergo α-helix to β-sheet conversion. 
The SAA accumulated in lysosomes eventually escape from the cells [28]. Based 
on these studies, AA fibril formation is a biphasic process [27, 29] that involves an 
intracellular phase and an extracellular phase. Proteolysis is involved probably in 
both phases [27, 30]. In the second phase, additional SAA proteins may be recruited 
with nucleation of AA fibrils, and cleavage of SAA may be a post-fibrillogenic 
event [31].

Recent delineation of the crystal structure of human SAA1 provides a structural 
basis for AA amyloidosis [32]. Despite high levels of sequence homology, different 
SAA isoforms have different propensity in forming AA fibrils. Human SAA1.1 has 
a high tendency of amyloidogenicity, whereas SAA2.2 found in the CE/J mice did 
not form amyloid fibrils [33, 34] despite sequence homology as high as 94% with 
SAA1.1. It was found that the structural determinants for amyloidogenicity reside in 
the first 10–15 residues of mature SAA protein [35]. In a more recent study, SAA2.2 
was found to form small fibrils within a few hours, in contrast to the long lag time 
of SAA1.1 that was characteristically oligomer-rich [36]. These fibrils exhibited 
different morphology and the fibrils of SAA1.1 were found to be pathogenic. The 
results of this study suggest that fibrillation kinetics and prefibrillar oligomers of 
different SAA isoforms may determine their pathogenicity even though they all pos-
sess intrinsic amyloidogenicity.

3. Production and characterization of SAA fragments

In AA amyloidosis, the insoluble AA amyloid protein is derived from the proteo-
lytic cleavage of SAA, generating an N-terminal fragment of SAA. In some cases, 
this AA amyloid protein lacks amino acids at both N- and C-terminus compared to 
the full-length SAA. One reported study found that the AA fibril protein purified 
from rheumatoid arthritis patients with secondary amyloidosis contained 2 frag-
ments with residues 1–50 and 1–45 [37]. However, a SAA fragment with residues 
1–76 (or 2–76) was most commonly found in amyloid fibrils, such as those from the 
livers and spleens of patients with familial Mediterranean fever (FMF), tuberculo-
sis, Hodgkin’s diseases and bronchiectasis [24, 38].

In patients with rheumatoid arthritis, higher serum levels of metalloproteinases 
(MMPs)-1, -2, -3 and -9 were detected compared to healthy controls [39, 40], and 
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the production of these enzymes could be stimulated by SAA [41, 42]. Besides, 
these MMPs were shown to cleave SAA and AA amyloid protein in vitro to produce 
various sizes of SAA fragments (see Table 1). In addition to generating the AA 
fragments commonly identified in secondary amyloidosis, MMP-1, -2 and -3 
cleaved SAA into fragments with residues 1–57, 1–51 and 8–55, respectively [43]. 
The spanning region (residues 51–57) contains sites that may be cleaved by all three 
MMPs. In addition, MMP-2 and MMP-3 can also cleave at other residues including 
residues 7–8 (MMP-2 and -3), 16–17 (MMP-3) and 23–24 (MMP-3). In other species 
studied, MMP-1 and -3 are able to cleave rabbit SAA3 at residues 50–57, showing 
conservation between the rabbit SAA3 and human SAA1 [44]. Therefore it was 
suggested that these MMPs might contribute to the pathogenesis of AA amyloidosis 
by generating SAA fragments.

In addition to their roles in AA amyloidosis, SAA-derived fragments may have 
other biological functions. A recent study demonstrated that MMP-9 could rapidly 
cleave human SAA1 within 30 minutes in vitro to produce COOH-terminal frag-
ments, SAA1 (58–104), SAA1 (52–104) and SAA1 (57–104) [46]. These fragments 
account for 50, 30 and 20% of the total cleaved fragments by MMP-9, respectively. 
The synthetic peptides of these fragments failed to induce CXCL8 production 
in human monocytes and diploid fibroblasts, as well as neutrophil chemotaxis; 
however they potentiated CXCL8-induced neutrophil chemotaxis in a dose-
dependent manner via FPR2 [46]. The authors of this report suggested that intact 
SAA first initiates the inflammatory response and induces the release of MMP-9, 
which cleaves SAA and modulates the response of SAA by potentiating activities 
of selected chemokines to prolong the inflammation process. In addition to MMPs, 

Numbers Sources of SAA fragments References

1–2 An AA amyloidosis patient with rheumatoid arthritis [37]

3 Patients with FMF, tuberculosis, Hodgkin’s disease and bronchiectasis [38]

4–6 Degradation products of human SAA with MMP1, MMP2, MMP3 [43]

7–10 Recombinant SAA cleaved with cathepsin B and cathepsin L [45]

11–12 MMP-9 cleaved recombinant SAA1 [46]

13 Chemically synthesized fragment based on bovine serum SAA1 fragment [47]

14 Recombinant protein based on human SAA1 sequence [48]

The table lists known SAA fragments and synthetic peptides that have been identified. References are provided on the 
column to the right.

Table 1. 
Generation of SAA fragments.
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cathepsins, endosomal and lysosomal proteases, were also shown to cleave SAA and 
might also be involved in AA amyloidosis. Cathepsin B was shown to cleave SAA at 
residues 76–77 to produce the most common form of AA found in amyloidosis [49]. 
Another study also reported that both cathepsin B and L completely cleaved SAA, 
and cathepsin B could produce 9 AA amyloid-like proteins; however, cathepsin L 
produced no fragments resembling AA amyloid proteins by cleaving within the 
N-terminus [45]. All amyloid-like SAA fragments described to date have either an 
intact N-terminus or one that only lacks 1–2 amino acids. Elastase and cathepsin 
D that cleave SAA further along the N-terminus can prevent the formation of AA 
amyloid protein [35, 49, 50].

Accumulating evidence suggests that some of the observed biological functions 
of SAA, other than those related to amyloidosis, may be attributed to SAA-derived 
fragments rather than the intact protein. In some of these studies, synthetic pep-
tides based on SAA protein sequence were prepared to verify or identify the poten-
tial functions. SAA-derived peptides with IFNγ-inducing capability were found in 
human rheumatic synovial fluid [51]. An SAA2-derived peptide with chemotactic 
activity for B lymphocytes was found in cow milk [52]. In a recent study, a frag-
ment of SAA1 (46–112) was found in bovine serum and is equivalent to human 
SAA1 (47–104). The synthetic peptides of this fragment failed to directly induce 
chemotaxis and chemokine production (CXCL8 and CCL3) in human neutrophils 
and monocytes, but it synergized with CXCL8 or CCL3 to induce chemotaxis via 
FPR2 [47]. Studies were also conducted to examine potential functions of SAA and 
its peptides in LPS-induced inflammatory response. SAA-derived fragments lacking 
both N- and C-terminal residues were expressed as recombinant proteins and texted 
for their activities in vitro. Fragments such as one with amino acids 11–58 of human 
SAA1 exhibited minimal proinflammatory activity but enhanced ability to induce 
IL-10 expression and to counteract LPS-induced inflammation and lung injury 
[48]. In a recent study, a peptide consisting amino acids 32–47 of human SAA1 was 
found to disrupt the binding of SAA1 to LPS, suggesting the involvement of this 
region of SAA1 in LPS binding [53].

4. The cytokine-like activities of recombinant SAA

Recombinant SAA was used in an early study that identified the SAA protein as 
a chemoattractant for phagocytes [54]. Xu et al. reported that SAA also induced the 
migration and adhesion of lymphocytes [55]. These studies were among the first 
to identify leukocyte-activating activities of the recombinant SAA protein. SAA 
differs from chemokines as it lacks the characteristic cysteine residues that form 
disulfide bonds for structural stabilization. It was not until 2014 when the crystal 
structures of two SAA proteins were solved [32, 56]. The 4-helix bundle structure of 
the SAA monomers and the propensity of forming multimers [32, 56] are strikingly 
different from the known structural properties of chemokines [57].

Studies conducted by Patel et al. [58] and Fulaneto et al. [59] revealed cytokine-
like activities of SAA for its induction of IL-1β, TNFα, IL-1RA and IL-8. Of note, 
the study conducted by Patel and coworkers used both the recombinant human 
SAA (rhSAA) and purified SAA-HDL complex, although they found that the 
cytokine-inducing activity of the SAA-HDL complex was much lower than that of 
rhSAA. These studies were followed by reports that SAA in neutrophils could induce 
IL-8 expression through one of the chemoattractant receptors [60] that also mediates 
anti-inflammatory activities when stimulated by the eicosanoid lipoxin A4 [61, 62]. 
In addition to proinflammatory cytokines, rhSAA was found to stimulate mono-
cyte expression of tissue factor [63]. Injection of rhSAA to mice increased G-CSF 
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the production of these enzymes could be stimulated by SAA [41, 42]. Besides, 
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MMPs. In addition, MMP-2 and MMP-3 can also cleave at other residues including 
residues 7–8 (MMP-2 and -3), 16–17 (MMP-3) and 23–24 (MMP-3). In other species 
studied, MMP-1 and -3 are able to cleave rabbit SAA3 at residues 50–57, showing 
conservation between the rabbit SAA3 and human SAA1 [44]. Therefore it was 
suggested that these MMPs might contribute to the pathogenesis of AA amyloidosis 
by generating SAA fragments.

In addition to their roles in AA amyloidosis, SAA-derived fragments may have 
other biological functions. A recent study demonstrated that MMP-9 could rapidly 
cleave human SAA1 within 30 minutes in vitro to produce COOH-terminal frag-
ments, SAA1 (58–104), SAA1 (52–104) and SAA1 (57–104) [46]. These fragments 
account for 50, 30 and 20% of the total cleaved fragments by MMP-9, respectively. 
The synthetic peptides of these fragments failed to induce CXCL8 production 
in human monocytes and diploid fibroblasts, as well as neutrophil chemotaxis; 
however they potentiated CXCL8-induced neutrophil chemotaxis in a dose-
dependent manner via FPR2 [46]. The authors of this report suggested that intact 
SAA first initiates the inflammatory response and induces the release of MMP-9, 
which cleaves SAA and modulates the response of SAA by potentiating activities 
of selected chemokines to prolong the inflammation process. In addition to MMPs, 
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cathepsins, endosomal and lysosomal proteases, were also shown to cleave SAA and 
might also be involved in AA amyloidosis. Cathepsin B was shown to cleave SAA at 
residues 76–77 to produce the most common form of AA found in amyloidosis [49]. 
Another study also reported that both cathepsin B and L completely cleaved SAA, 
and cathepsin B could produce 9 AA amyloid-like proteins; however, cathepsin L 
produced no fragments resembling AA amyloid proteins by cleaving within the 
N-terminus [45]. All amyloid-like SAA fragments described to date have either an 
intact N-terminus or one that only lacks 1–2 amino acids. Elastase and cathepsin 
D that cleave SAA further along the N-terminus can prevent the formation of AA 
amyloid protein [35, 49, 50].

Accumulating evidence suggests that some of the observed biological functions 
of SAA, other than those related to amyloidosis, may be attributed to SAA-derived 
fragments rather than the intact protein. In some of these studies, synthetic pep-
tides based on SAA protein sequence were prepared to verify or identify the poten-
tial functions. SAA-derived peptides with IFNγ-inducing capability were found in 
human rheumatic synovial fluid [51]. An SAA2-derived peptide with chemotactic 
activity for B lymphocytes was found in cow milk [52]. In a recent study, a frag-
ment of SAA1 (46–112) was found in bovine serum and is equivalent to human 
SAA1 (47–104). The synthetic peptides of this fragment failed to directly induce 
chemotaxis and chemokine production (CXCL8 and CCL3) in human neutrophils 
and monocytes, but it synergized with CXCL8 or CCL3 to induce chemotaxis via 
FPR2 [47]. Studies were also conducted to examine potential functions of SAA and 
its peptides in LPS-induced inflammatory response. SAA-derived fragments lacking 
both N- and C-terminal residues were expressed as recombinant proteins and texted 
for their activities in vitro. Fragments such as one with amino acids 11–58 of human 
SAA1 exhibited minimal proinflammatory activity but enhanced ability to induce 
IL-10 expression and to counteract LPS-induced inflammation and lung injury 
[48]. In a recent study, a peptide consisting amino acids 32–47 of human SAA1 was 
found to disrupt the binding of SAA1 to LPS, suggesting the involvement of this 
region of SAA1 in LPS binding [53].

4. The cytokine-like activities of recombinant SAA

Recombinant SAA was used in an early study that identified the SAA protein as 
a chemoattractant for phagocytes [54]. Xu et al. reported that SAA also induced the 
migration and adhesion of lymphocytes [55]. These studies were among the first 
to identify leukocyte-activating activities of the recombinant SAA protein. SAA 
differs from chemokines as it lacks the characteristic cysteine residues that form 
disulfide bonds for structural stabilization. It was not until 2014 when the crystal 
structures of two SAA proteins were solved [32, 56]. The 4-helix bundle structure of 
the SAA monomers and the propensity of forming multimers [32, 56] are strikingly 
different from the known structural properties of chemokines [57].

Studies conducted by Patel et al. [58] and Fulaneto et al. [59] revealed cytokine-
like activities of SAA for its induction of IL-1β, TNFα, IL-1RA and IL-8. Of note, 
the study conducted by Patel and coworkers used both the recombinant human 
SAA (rhSAA) and purified SAA-HDL complex, although they found that the 
cytokine-inducing activity of the SAA-HDL complex was much lower than that of 
rhSAA. These studies were followed by reports that SAA in neutrophils could induce 
IL-8 expression through one of the chemoattractant receptors [60] that also mediates 
anti-inflammatory activities when stimulated by the eicosanoid lipoxin A4 [61, 62]. 
In addition to proinflammatory cytokines, rhSAA was found to stimulate mono-
cyte expression of tissue factor [63]. Injection of rhSAA to mice increased G-CSF 
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production and neutrophil expansion [64]. SAA also induced the expression of 
immunomodulatory cytokines including selective induction of IL-23 over IL-12 [65] 
and the induction of IL-33 expression [66]. The transcription factors NF-κB, IRF4 
and IRF7 have been implicated in SAA-induced gene expression [66, 67]. In addition, 
SAA appears to be involved in epigenetic regulation of gene expression [68].

One of the cellular targets of SAA is macrophages, a major source of cytokines 
and most if not all SAA receptors. Macrophages may be differentiated into M1 or 
M2 phenotypes. Studies have shown that SAA may influence macrophage differ-
entiation. Anthony et al. examined the effects of SAA in vitro, using human blood 
monocytes from chronic obstructive pulmonary disease patients and healthy con-
trols, and in vivo using a mouse model with airway SAA challenge [69]. Their work 
showed that SAA-rendered human monocytes secrete IL-6 and IL-1β concurrently 
with the M2 markers CD163 and IL-10. Moreover, these cells responded to subse-
quent LPS stimulation with markedly higher levels of IL-6 and IL-1β. In the mouse 
model, SAA induced a CD11chigh CD11bhigh macrophage population in a CSF-1R 
signaling-dependent manner, with concurrent inhibition of neutrophilic inflamma-
tion. Sun et al. investigated the potential effect of SAA on macrophage plasticity, 
and found that SAA treatment led to increased expression of macrophage M2 mark-
ers including IL-10, Ym1, Fizz-1, MRC1, IL-1Rn, and CCL17 [67]. Moreover, SAA 
enhanced efferocytosis of mouse macrophages. Silencing IRF4 by small interfering 
RNA abrogated the SAA-induced expression of M2 markers, suggesting a potential 
role for SAA to alter macrophage phenotype and modulate macrophage functions.

SAA has been identified as an endogenous activator of the NLRP3 inflamma-
some, which is critical to the process of pro-IL-1β. Niemi et al. reported that SAA 
provided a signal for pro-IL-1β expression and for inflammasome activation [70]. 
At least 3 SAA receptors, including TLR2, TLR4 and the ATP receptor P2X7, were 
involved. Interestingly, inflammasome activation was dependent on the activity of 
cathepsin B, the expression of which was induced by SAA. Therefore, SAA-induced 
secretion of cathepsin B could facilitate extracellular processing of SAA and develop-
ment of AA amyloidosis. Ather et al. showed SAA3 expression in the lungs of mice 
exposed to mixed Th2/Th17-polarizing allergic sensitization regimens [71]. SAA 
instillation into the lungs elicited pulmonary neutrophilic inflammation and activa-
tion of the NLRP3 inflammasome, thereby promoting IL-1β secretion by dendritic 
cells and macrophages. SAA administered into the lungs also served as an adjuvant 
that sensitized mice to inhaled OVA, promoting IL-17 production from restimulated 
splenocytes and leukocyte influx. Collectively, these findings illustrate a stimulatory 
function of SAA in the induced expression of IL-1β.

5. SAA receptors

It has long been suspected that the diverse functions of SAA are mediated by cell 
surface receptors. Studies conducted in the past 20 years have led to the identification 
of several cell surface receptors for SAA in addition to a number of binding proteins 
(Figure 2). In 1999, Su et al. reported the involvement of formyl peptide receptor 2 
(FPR2, also termed FPRL1 [72, 73]), in the chemotactic activity of SAA [74]. FPR2 
is a G protein-coupled chemoattractant receptor initially identified as a homolog of 
human FPR1 with low-affinity binding of formylated peptide [75–77]. The identifica-
tion of FPR2 as a receptor for SAA is consistent with reports that SAA induces migra-
tion of phagocytes and to a lesser extent, lymphocytes [54, 55]. Subsequent studies 
have shown that a number of biological functions of SAA, ranging from chemotaxis 
and superoxide generation to induced expression of proinflammatory cytokines and 
matrix metalloproteases, are mediated through FPR2 [47, 60, 78–85].
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The identification of cytokine-like activities of recombinant SAA protein 
suggests the involvement of receptors that typically mediate phagocyte cytokine 
production. The finding that SAA selectively induces IL-23 but not IL-12 expression 
suggests a pattern similar to that of Toll-like receptor (TLR)-mediated cytokine 
induction [65]. In 2008, two of the TLRs were identified as SAA receptors. TLR2, 
and more specifically the TLR2-TLR1 heterodimer, was found to mediate SAA-
induced NF-κB activation leading to the expression of several proinflammatory 
cytokines and chemokines [86]. TLR2 is also responsible for SAA-induced neutro-
phil expansion through upregulation of G-CSF [64]. TLR4 was found to mediate 
SAA-induced expression of iNOS and activation of the related signaling pathways 
[87]. Despite differences in primary and high-level structures between SAA and 
the microbial ligands for these receptors, the two TLRs mediate SAA functions 
both in transfected cells expressing the receptors and in vivo [48, 71, 79, 88–92]. 
The identification of the two TLRs as SAA receptors illustrates the possible roles for 
TLRs in detecting host-derived molecules as a mechanism for alerting immune cells 
upon exposure to environmental stress.

RAGE (receptor for advanced glycation end product) is a multiligand immu-
noglobulin superfamily cell surface molecule. In a study of AA amyloidosis, RAGE 
was identified as a receptor of SAA [93]. The expression of RAGE and its interaction 
with SAA coincide with cell stress, and RAGE has been shown to mediate the NF-κB 
activating effect of SAA [93, 94]. SAA also binds to soluble RAGE [63]. NF-κB activa-
tion induced by SAA interaction with RAGE apparently contributed to the expression 
of tissue factor in monocytes through MAP kinase activation. Inhibition of RAGE 
by a RAGE competitor, by soluble RAGE, and by anti-RAGE IgG reduced the SAA-
stimulated tissue factor expression [63]. RAGE is also reported to mediate the proin-
flammatory activity of SAA in uremia-related atherosclerosis, based on a study using 
the Apoe−/− and Ager−/− mice [95]. These studies identify RAGE as an endothelial and 
monocyte-expressed molecule that mediates selected activities of SAA.

Scavenger receptors on macrophages play important roles in the removal of 
debris during tissue injury and in macrophage transport of lipids. The scavenge-
receptor SR-BI has been known for mediating cholesterol efflux, in which SAA 
plays a role [96]. Two independent studies published in the same year reported the 
identification of SR-BI as an SAA receptor [97, 98]. Direct binding assays using 
radiolabeled SAA found its interaction with SR-B1 in cells that express this receptor 
[97]. SR-BI and its human homolog CLA-I mediate SAA uptake and its down-
stream signaling, including the activation of ERK and p38 MAPK that leads to IL-8 

Figure 2. 
SAA receptors. The major receptors of human and mouse SAA proteins and their projected functions are listed. 
Also shown in the figure are selected binding partners of SAA. OmpA, bacterial outer membrane protein a; HDL, 
high-density lipoprotein. Permission from the publisher was obtained for the use of the crystal structure of SAA1 [32].
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production and neutrophil expansion [64]. SAA also induced the expression of 
immunomodulatory cytokines including selective induction of IL-23 over IL-12 [65] 
and the induction of IL-33 expression [66]. The transcription factors NF-κB, IRF4 
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cathepsin B, the expression of which was induced by SAA. Therefore, SAA-induced 
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surface receptors. Studies conducted in the past 20 years have led to the identification 
of several cell surface receptors for SAA in addition to a number of binding proteins 
(Figure 2). In 1999, Su et al. reported the involvement of formyl peptide receptor 2 
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tion of phagocytes and to a lesser extent, lymphocytes [54, 55]. Subsequent studies 
have shown that a number of biological functions of SAA, ranging from chemotaxis 
and superoxide generation to induced expression of proinflammatory cytokines and 
matrix metalloproteases, are mediated through FPR2 [47, 60, 78–85].
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activating effect of SAA [93, 94]. SAA also binds to soluble RAGE [63]. NF-κB activa-
tion induced by SAA interaction with RAGE apparently contributed to the expression 
of tissue factor in monocytes through MAP kinase activation. Inhibition of RAGE 
by a RAGE competitor, by soluble RAGE, and by anti-RAGE IgG reduced the SAA-
stimulated tissue factor expression [63]. RAGE is also reported to mediate the proin-
flammatory activity of SAA in uremia-related atherosclerosis, based on a study using 
the Apoe−/− and Ager−/− mice [95]. These studies identify RAGE as an endothelial and 
monocyte-expressed molecule that mediates selected activities of SAA.

Scavenger receptors on macrophages play important roles in the removal of 
debris during tissue injury and in macrophage transport of lipids. The scavenge-
receptor SR-BI has been known for mediating cholesterol efflux, in which SAA 
plays a role [96]. Two independent studies published in the same year reported the 
identification of SR-BI as an SAA receptor [97, 98]. Direct binding assays using 
radiolabeled SAA found its interaction with SR-B1 in cells that express this receptor 
[97]. SR-BI and its human homolog CLA-I mediate SAA uptake and its down-
stream signaling, including the activation of ERK and p38 MAPK that leads to IL-8 
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expression [98]. A more recent study reported that SR-BII, a splice variant of SR-BI, 
also serves as a SAA receptor for uptake and proinflammatory signaling through 
MAP kinase signaling [99].

The human P2X7 purinergic receptor is an ionotropic receptor found at high 
expression levels in immune cells such as macrophages and microglia. Activation of 
P2X7 receptor by extracellular ATP opens a cation channel, allowing K+ efflux that 
is associated with processing of pro-interleukin IL-1β and IL-18. Christenson et al. 
found that SAA, either recombinant or purified from the plasma of rheumatoid 
arthritis patients, could suppress apoptosis of human neutrophils, an effect abro-
gated by antagonizing the nucleotide receptor P2X7 [100]. Niemi et al. reported 
that the P2X7 receptor plays a role in SAA-mediated activation of NLRP3, thereby 
explaining the involvement of SAA in the processing of pro-IL-1β [70]. However, 
a recently published work indicates that in murine J774 and bone marrow-derived 
macrophages, SAA stimulates IL-1β secretion through a mechanism that depends on 
NLRP3 expression and caspase-1 activity but not the P2X7 receptor [101].

Collectively, published reports have identified several functional receptors that 
mediate SAA signaling. It is likely that these receptors and their downstream signal-
ing pathways have substantial cross-talk that together contributes to the diverse 
immunomodulatory and homeostatic functions of SAA.

Recent studies have shown that recombinant human SAA, which has been widely 
used in in vitro studies throughout the last two decades, has properties that differ 
from those of native SAA purified from human samples [102–104]. The rhSAA differs 
from human SAA1 in two sites, with amino acid substitutions at positions 60 and 
71 in addition to gaining a methionine at the N-terminus. Since the rhSAA is made by 
Escherichia coli expression, the bacterial contaminants in the preparation may contrib-
ute to the observed cytokine-like activity. This is especially a concern because the con-
taminating bacterial products can activate the two TLRs that are known as the SAA 
receptors. A careful analysis of published literature found evidence that both support 
the use of the two TLRs by SAA and detract from the claim. Many of the published 
studies have included controls for LPS contamination, showing that the SAA protein 
is necessary for the reported biological functions. A recent study has shown that the 
bacterial contaminants may not be LPS that acts through TLR4 but lipoproteins that 
activate TLR2 [105]. The study also showed that adding bacterial lipopeptides into 
mammalian cell-expressed SAA1 protein could restore the cytokine-like activity that 
otherwise was missing from the SAA1 protein [105]. It is however unclear how much 
lipoproteins are carried by the E. coli-derived recombinant SAA. The E. coli expres-
sion system has been widely used in the production of reagents including proinflam-
matory cytokines such as TNFα and IL-1β, and there were not previous concerns over 
bacterial product contamination with these cytokines. Whereas the authors attributed 
the previously reported NLRP3 inflammasome-activating property of SAA to bacte-
rial lipoprotein contaminants in the E. coli-derived SAA [105], another recent study 
demonstrated that SAA purified from human samples was able to stimulate NLRP3 
inflammasome activation [101]. Taken together, these findings raise the possibility 
that bacterial contaminants may modify the biological properties of human SAA1 for 
a potent cytokine-inducing effect. Exactly how much bacterial contaminant is associ-
ated with a recombinant human SAA1 is still unknown, but published studies have 
shown that E. coli-produced SAA proteins can be processed to sufficient purity so they 
can form crystals [32, 56]. Moreover, CHO cell-derived SAA in the form of secreted 
Fc fusion protein has been shown to bind to the ectodomain of TLR2 [86]. While the 
contaminating lipoproteins may contribute to the cytokine-inducing activity through 
TLR2, these contaminants have not been known to stimulate the G protein-coupled 
FPR2 that mediates some of the biological activities of SAA [47, 60, 74, 78–85]. Based 
on available data, it is postulated that some of the observed functions of rhSAA are 
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attributable to bacterial contaminants. In vivo studies conducted in various models of 
diseases are therefore important for confirming the biological functions of SAA under 
physiologically relevant conditions.

6. Immunomodulatory functions of SAA in disease models

Since most of the early studies were conducted using cell lines and isolated 
primary cells such as monocytes and neutrophils, these experimental findings are 
now examined in an in vivo setting. An early model created for the in vivo studies 
of SAA employed adenoviral expression of human SAA1, raising the circulatory 
levels of human SAA1 in the infected mice [106]. This approach was used in studies 
of the involvement of SAA1 in lipid metabolism [106] and fibril formation [107]. In 
a more recent study, the same group that created the adenoviral approach found a 
role for SAA3 in atherosclerosis [108].

Transgenic expression of human SAA1 in mice is another approach used in 
studies of the in vivo functions of SAA. Ji et al. reported transgenic expression of 
human SAA1 in mouse liver [89]. These mice exhibited more severe liver injury, 
increased hepatocyte apoptosis, and higher levels of hepatic enzymes than in their 
wildtype controls. After induction of hepatitis, liver infiltration of CD4+ T cells 
and macrophages was also increased more in the transgenic mice than in wildtype 
mice, along with elevated expression of several chemokines. The aggravated liver 
injury, increased hepatocyte apoptosis and elevated levels of hepatic enzymes in the 
transgenic mice were eased with the use of a TLR2 antagonist, suggesting that TLR2 
mediates the effects of the transgenic SAA1. In a more recent study, Cheng et al. 
placed the human SAA1 under an inducible promoter of SR-A receptor, generating 
transgenic mice with elevated local production of SAA1 upon inflammatory stimula-
tion [53]. The transgenic SAA1 was most abundant in mouse lungs and protected 
mice against acute lung injury caused by LPS administration and cecal ligation and 
puncture (CLP). Transgenic expression of SAA1 did not protect mice against acute 
lung injury induced by intratracheal instillation of TNFα. Binding studies showed 
that human SAA1, purified from either E. coli or transfected HEK293 cells, bound to 
LPS and formed a complex that promoted LPS clearance by macrophages. As a result, 
serum endotoxin concentration was significantly reduced in the transgenic mice than 
in their wildtype controls that went through the CLP procedure. Of note, injection of 
a SAA1-derived peptide that disrupted LPS-SAA1 interaction diminished the endo-
toxin-lowering effect in the SAA1 transgenic mice and increased serum endotoxin 
level in wildtype mice after CLP [53]. These findings suggest a mechanism by which 
acute-phase SAA protects host against bacterial infection-induced injury.

SAA gene knockout mice were generate to examine the physiological functions 
of the individual SAA proteins. After observing SAA1 and SAA2 expression in intes-
tinal epithelial cells and conforming their cell-protecting effect in epithelial cell 
line co-cultured with E. coli, Eckhardt et al. examined the effect of Saa1/2 double 
knockout (DKO) in dextran sodium sulfate (DSS) induced colitis model [109]. 
They found that that epithelial expression of SAA1 and SAA2 protected colonic 
epithelium against bacterial infection. A more recent study using Saa3 gene knock-
out mice found that SAA3 is the predominant isoform of inducible SAA proteins 
in colonic epithelium following chemical injury [92]. Compared to wildtype mice, 
Saa3−/− mice exposed to DSS showed more severe damage to the colonic epithelial 
structure, significantly reduced expression of the anti-microbial peptides Reg3β 
and Reg3γ, and reduced lifespan of afflicted mice if not treated. Administration of 
exogenous SAA3 protein or adoptive transfer of SAA3-treated neutrophils par-
tially ameliorated symptoms of DSS-induced colitis in part due to SAA3-induced 
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expression [98]. A more recent study reported that SR-BII, a splice variant of SR-BI, 
also serves as a SAA receptor for uptake and proinflammatory signaling through 
MAP kinase signaling [99].

The human P2X7 purinergic receptor is an ionotropic receptor found at high 
expression levels in immune cells such as macrophages and microglia. Activation of 
P2X7 receptor by extracellular ATP opens a cation channel, allowing K+ efflux that 
is associated with processing of pro-interleukin IL-1β and IL-18. Christenson et al. 
found that SAA, either recombinant or purified from the plasma of rheumatoid 
arthritis patients, could suppress apoptosis of human neutrophils, an effect abro-
gated by antagonizing the nucleotide receptor P2X7 [100]. Niemi et al. reported 
that the P2X7 receptor plays a role in SAA-mediated activation of NLRP3, thereby 
explaining the involvement of SAA in the processing of pro-IL-1β [70]. However, 
a recently published work indicates that in murine J774 and bone marrow-derived 
macrophages, SAA stimulates IL-1β secretion through a mechanism that depends on 
NLRP3 expression and caspase-1 activity but not the P2X7 receptor [101].

Collectively, published reports have identified several functional receptors that 
mediate SAA signaling. It is likely that these receptors and their downstream signal-
ing pathways have substantial cross-talk that together contributes to the diverse 
immunomodulatory and homeostatic functions of SAA.

Recent studies have shown that recombinant human SAA, which has been widely 
used in in vitro studies throughout the last two decades, has properties that differ 
from those of native SAA purified from human samples [102–104]. The rhSAA differs 
from human SAA1 in two sites, with amino acid substitutions at positions 60 and 
71 in addition to gaining a methionine at the N-terminus. Since the rhSAA is made by 
Escherichia coli expression, the bacterial contaminants in the preparation may contrib-
ute to the observed cytokine-like activity. This is especially a concern because the con-
taminating bacterial products can activate the two TLRs that are known as the SAA 
receptors. A careful analysis of published literature found evidence that both support 
the use of the two TLRs by SAA and detract from the claim. Many of the published 
studies have included controls for LPS contamination, showing that the SAA protein 
is necessary for the reported biological functions. A recent study has shown that the 
bacterial contaminants may not be LPS that acts through TLR4 but lipoproteins that 
activate TLR2 [105]. The study also showed that adding bacterial lipopeptides into 
mammalian cell-expressed SAA1 protein could restore the cytokine-like activity that 
otherwise was missing from the SAA1 protein [105]. It is however unclear how much 
lipoproteins are carried by the E. coli-derived recombinant SAA. The E. coli expres-
sion system has been widely used in the production of reagents including proinflam-
matory cytokines such as TNFα and IL-1β, and there were not previous concerns over 
bacterial product contamination with these cytokines. Whereas the authors attributed 
the previously reported NLRP3 inflammasome-activating property of SAA to bacte-
rial lipoprotein contaminants in the E. coli-derived SAA [105], another recent study 
demonstrated that SAA purified from human samples was able to stimulate NLRP3 
inflammasome activation [101]. Taken together, these findings raise the possibility 
that bacterial contaminants may modify the biological properties of human SAA1 for 
a potent cytokine-inducing effect. Exactly how much bacterial contaminant is associ-
ated with a recombinant human SAA1 is still unknown, but published studies have 
shown that E. coli-produced SAA proteins can be processed to sufficient purity so they 
can form crystals [32, 56]. Moreover, CHO cell-derived SAA in the form of secreted 
Fc fusion protein has been shown to bind to the ectodomain of TLR2 [86]. While the 
contaminating lipoproteins may contribute to the cytokine-inducing activity through 
TLR2, these contaminants have not been known to stimulate the G protein-coupled 
FPR2 that mediates some of the biological activities of SAA [47, 60, 74, 78–85]. Based 
on available data, it is postulated that some of the observed functions of rhSAA are 
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attributable to bacterial contaminants. In vivo studies conducted in various models of 
diseases are therefore important for confirming the biological functions of SAA under 
physiologically relevant conditions.

6. Immunomodulatory functions of SAA in disease models

Since most of the early studies were conducted using cell lines and isolated 
primary cells such as monocytes and neutrophils, these experimental findings are 
now examined in an in vivo setting. An early model created for the in vivo studies 
of SAA employed adenoviral expression of human SAA1, raising the circulatory 
levels of human SAA1 in the infected mice [106]. This approach was used in studies 
of the involvement of SAA1 in lipid metabolism [106] and fibril formation [107]. In 
a more recent study, the same group that created the adenoviral approach found a 
role for SAA3 in atherosclerosis [108].

Transgenic expression of human SAA1 in mice is another approach used in 
studies of the in vivo functions of SAA. Ji et al. reported transgenic expression of 
human SAA1 in mouse liver [89]. These mice exhibited more severe liver injury, 
increased hepatocyte apoptosis, and higher levels of hepatic enzymes than in their 
wildtype controls. After induction of hepatitis, liver infiltration of CD4+ T cells 
and macrophages was also increased more in the transgenic mice than in wildtype 
mice, along with elevated expression of several chemokines. The aggravated liver 
injury, increased hepatocyte apoptosis and elevated levels of hepatic enzymes in the 
transgenic mice were eased with the use of a TLR2 antagonist, suggesting that TLR2 
mediates the effects of the transgenic SAA1. In a more recent study, Cheng et al. 
placed the human SAA1 under an inducible promoter of SR-A receptor, generating 
transgenic mice with elevated local production of SAA1 upon inflammatory stimula-
tion [53]. The transgenic SAA1 was most abundant in mouse lungs and protected 
mice against acute lung injury caused by LPS administration and cecal ligation and 
puncture (CLP). Transgenic expression of SAA1 did not protect mice against acute 
lung injury induced by intratracheal instillation of TNFα. Binding studies showed 
that human SAA1, purified from either E. coli or transfected HEK293 cells, bound to 
LPS and formed a complex that promoted LPS clearance by macrophages. As a result, 
serum endotoxin concentration was significantly reduced in the transgenic mice than 
in their wildtype controls that went through the CLP procedure. Of note, injection of 
a SAA1-derived peptide that disrupted LPS-SAA1 interaction diminished the endo-
toxin-lowering effect in the SAA1 transgenic mice and increased serum endotoxin 
level in wildtype mice after CLP [53]. These findings suggest a mechanism by which 
acute-phase SAA protects host against bacterial infection-induced injury.

SAA gene knockout mice were generate to examine the physiological functions 
of the individual SAA proteins. After observing SAA1 and SAA2 expression in intes-
tinal epithelial cells and conforming their cell-protecting effect in epithelial cell 
line co-cultured with E. coli, Eckhardt et al. examined the effect of Saa1/2 double 
knockout (DKO) in dextran sodium sulfate (DSS) induced colitis model [109]. 
They found that that epithelial expression of SAA1 and SAA2 protected colonic 
epithelium against bacterial infection. A more recent study using Saa3 gene knock-
out mice found that SAA3 is the predominant isoform of inducible SAA proteins 
in colonic epithelium following chemical injury [92]. Compared to wildtype mice, 
Saa3−/− mice exposed to DSS showed more severe damage to the colonic epithelial 
structure, significantly reduced expression of the anti-microbial peptides Reg3β 
and Reg3γ, and reduced lifespan of afflicted mice if not treated. Administration of 
exogenous SAA3 protein or adoptive transfer of SAA3-treated neutrophils par-
tially ameliorated symptoms of DSS-induced colitis in part due to SAA3-induced 
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neutrophil expression of IL-22, a cytokine with epithelia-protection function [110]. 
Together, these results suggest that epithelial expression of SAA1 and SAA2 in 
healthy mice may be important for homeostasis of gut functions including host 
defense, whereas inducible expression of SAA3 serves to combat acute injury to the 
colonic epithelium.

A role for SAA as a mediator of local immune response has been reported 
recently. In a study of segmented filamentous bacteria (SFB) for its involvement in 
mucosal defenses and autoimmune diseases through RORγ+ Th17 cells, Sano et al. 
found that direct contact of SFB with epithelium in the ileum could induce SAA1 
and SAA2 expression and promote local IL-17A expression in RORγ(+) T cells. The 
mechanisms involved an IL-23R/IL-22 circuit and the participation of type 3 innate 
lymphoid cells (ILC3) that secretes IL-22 [111]. Likewise, Atarashi et al. investi-
gated a group of intestinal microbes for their ability to induce Th17 response, and 
found that SFB could stimulate intestinal epithelial cells to generate SAA and ROS, 
creating an amplification loop for sustained production of SAA by both epithelial 
cells and myeloid cells that led to local Th17 response [112]. These findings provide 
direct evidence for the contribution of epithelial SAA to intestinal homeostasis in 
an environment where host interaction with gut microbiota influences the health 
states of individuals.

In addition to studies of the in vivo functions of SAA in innate immunity and 
inflammation, mice with genetically altered SAA genes were used in the investiga-
tion of these acute-phase proteins in animal models of atherosclerosis, osteoclast 
activation, adipogenesis, and neurodegenerative disorders such as Alzheimer’s 
disease. Ahlin et al. generated transgenic mouse model expressing human SAA1 in 
the adipose tissue, and used the hSAA1+/− mice in studies of the effect of SAA1 
on glucose metabolism and insulin resistance [114]. They found no evidence that 
adipose tissue-derived hSAA1 could influence the development of insulin resistance 
or obesity-related inflammation. The potential involvement of SAA in atherogen-
esis was investigated using the Saa1/2 DKO mice in the Apoe−/− background [115]. 
Surprisingly, the absence of Saa1.1 and Saa2.1 did not affect atherosclerotic lesion 
in the ApoE-deficient mice that were fed with Western diets. It was later reported 
that SAA3, instead of SAA1/2, is pro-atherogenic based on experiments using 
adeno-associated virus for overexpression of SAA3 and antisense oligonucleotide- 
mediated suppression of Saa3 expression [108]. Using SAA3 KO mice, Liu et al. 
reported elevated Tau phosphorylation (hyperphosphorylation) compared to 
wildtype mice upon systemic LPS administration. Overexpression of SAA by 
intracerebral injection attenuated tau hyperphosphorylation in the brain, suggest-
ing that SAA3 may be neuroprotective in the mouse AD model [116].

Several studies of the in vivo functions of SAA were conducted in wildtype mice. 
De Santo et al. reported that systemic SAA1 plays a role in the regulation of neutro-
phil plasticity through induction of the anti-inflammatory IL-10 and promotion of 
the interaction of invariant natural killer T cells (iNKT cells) with neutrophils. As a 
result, SAA1 indirectly limits the suppressive activity by diminishing IL-10 produc-
tion and enhancing IL-12 production [113].

Collectively, results from the studies of SAA proteins in mice identified impor-
tant functions of SAA that were previous unknown from in vitro studies. There 
are other functions revealed from the in vivo studies using genetically altered mice 
that are consistent with the in vitro findings. For example, the ability of SAA to 
interact with Gram-negative bacterial wall components [117] is consistent with the 
in vivo findings that SAA1 protects mice against LPS- and CLP-induced acute lung 
injury [53]. The in vivo findings strongly suggest that acute-phase SAA protects 
host against environmental insults such as chemical-induced intestinal epithelial 
injury and bacterial infection. Four of the animal models used in studies of SAA are 
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summarized in Figure 3. Due to page limitation, in vivo studies on SAA functions 
other than those related to immunomodulation are not discussed in this chapter.

7. Conclusion remarks

SAA has emerged from a precursor of AA to a modulator of immunity and 
inflammation. Several developments, including the ability to express recombinant 
SAA proteins, the generation of genetically altered mice expressing SAA transgenes 
or deletion of a specific SAA gene, and the availability of crystal structures of SAA 
proteins, have helped to advance our understanding of SAA for its functions in host 
defense, lipid metabolism, adipogenesis, and neuroprotection. In coming years, 
studies will likely focus on the comparison of SAA functions in vitro to those identi-
fied in vivo, and on the possible modifications and proteolytic processing of newly 
synthesized SAA in order to address several questions that remain unanswered today. 
A better understanding of SAA for its biological functions is expected to benefit 
human health through development of new diagnostic approaches and therapies.
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Figure 3. 
Immunomodulatory functions of SAA in selected mouse models. Left: transgenic expression of human SAA1 in 
the lung tissue protects mice against LPS-induced acute lung injury [53]. The protection is conferred in part 
through SAA binding to LPS, forming a complex that promotes LPS clearance by macrophages. Middle: SAA1 
and SAA2 expressed in epithelium of the ileum serves as a mediator of segmented filamentous bacteria-induced 
local Th17 response [111, 112], contributing to homeostasis of the microenvironment in the intestine [109]. In 
response to acute injury such as dextran sodium sulfate (DSS) treatment, SAA3 is induced in mouse colonic 
epithelium and serves as an inducer for neutrophil IL-22 expression [92]. Right: SAA1-producing melanomas 
induce neutrophil secretion of IL-10 for its suppressive effect. SAA1 also promotes neutrophil interaction with 
invariant natural killer T (iNKT) cells, thereby limiting IL-10 production but enhancing IL-12 production 
[113]. This mechanism may be explored to reduce the immunosuppressive neutrophils and restore tumor-specific 
immunity.
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neutrophil expression of IL-22, a cytokine with epithelia-protection function [110]. 
Together, these results suggest that epithelial expression of SAA1 and SAA2 in 
healthy mice may be important for homeostasis of gut functions including host 
defense, whereas inducible expression of SAA3 serves to combat acute injury to the 
colonic epithelium.

A role for SAA as a mediator of local immune response has been reported 
recently. In a study of segmented filamentous bacteria (SFB) for its involvement in 
mucosal defenses and autoimmune diseases through RORγ+ Th17 cells, Sano et al. 
found that direct contact of SFB with epithelium in the ileum could induce SAA1 
and SAA2 expression and promote local IL-17A expression in RORγ(+) T cells. The 
mechanisms involved an IL-23R/IL-22 circuit and the participation of type 3 innate 
lymphoid cells (ILC3) that secretes IL-22 [111]. Likewise, Atarashi et al. investi-
gated a group of intestinal microbes for their ability to induce Th17 response, and 
found that SFB could stimulate intestinal epithelial cells to generate SAA and ROS, 
creating an amplification loop for sustained production of SAA by both epithelial 
cells and myeloid cells that led to local Th17 response [112]. These findings provide 
direct evidence for the contribution of epithelial SAA to intestinal homeostasis in 
an environment where host interaction with gut microbiota influences the health 
states of individuals.

In addition to studies of the in vivo functions of SAA in innate immunity and 
inflammation, mice with genetically altered SAA genes were used in the investiga-
tion of these acute-phase proteins in animal models of atherosclerosis, osteoclast 
activation, adipogenesis, and neurodegenerative disorders such as Alzheimer’s 
disease. Ahlin et al. generated transgenic mouse model expressing human SAA1 in 
the adipose tissue, and used the hSAA1+/− mice in studies of the effect of SAA1 
on glucose metabolism and insulin resistance [114]. They found no evidence that 
adipose tissue-derived hSAA1 could influence the development of insulin resistance 
or obesity-related inflammation. The potential involvement of SAA in atherogen-
esis was investigated using the Saa1/2 DKO mice in the Apoe−/− background [115]. 
Surprisingly, the absence of Saa1.1 and Saa2.1 did not affect atherosclerotic lesion 
in the ApoE-deficient mice that were fed with Western diets. It was later reported 
that SAA3, instead of SAA1/2, is pro-atherogenic based on experiments using 
adeno-associated virus for overexpression of SAA3 and antisense oligonucleotide- 
mediated suppression of Saa3 expression [108]. Using SAA3 KO mice, Liu et al. 
reported elevated Tau phosphorylation (hyperphosphorylation) compared to 
wildtype mice upon systemic LPS administration. Overexpression of SAA by 
intracerebral injection attenuated tau hyperphosphorylation in the brain, suggest-
ing that SAA3 may be neuroprotective in the mouse AD model [116].

Several studies of the in vivo functions of SAA were conducted in wildtype mice. 
De Santo et al. reported that systemic SAA1 plays a role in the regulation of neutro-
phil plasticity through induction of the anti-inflammatory IL-10 and promotion of 
the interaction of invariant natural killer T cells (iNKT cells) with neutrophils. As a 
result, SAA1 indirectly limits the suppressive activity by diminishing IL-10 produc-
tion and enhancing IL-12 production [113].

Collectively, results from the studies of SAA proteins in mice identified impor-
tant functions of SAA that were previous unknown from in vitro studies. There 
are other functions revealed from the in vivo studies using genetically altered mice 
that are consistent with the in vitro findings. For example, the ability of SAA to 
interact with Gram-negative bacterial wall components [117] is consistent with the 
in vivo findings that SAA1 protects mice against LPS- and CLP-induced acute lung 
injury [53]. The in vivo findings strongly suggest that acute-phase SAA protects 
host against environmental insults such as chemical-induced intestinal epithelial 
injury and bacterial infection. Four of the animal models used in studies of SAA are 
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summarized in Figure 3. Due to page limitation, in vivo studies on SAA functions 
other than those related to immunomodulation are not discussed in this chapter.

7. Conclusion remarks

SAA has emerged from a precursor of AA to a modulator of immunity and 
inflammation. Several developments, including the ability to express recombinant 
SAA proteins, the generation of genetically altered mice expressing SAA transgenes 
or deletion of a specific SAA gene, and the availability of crystal structures of SAA 
proteins, have helped to advance our understanding of SAA for its functions in host 
defense, lipid metabolism, adipogenesis, and neuroprotection. In coming years, 
studies will likely focus on the comparison of SAA functions in vitro to those identi-
fied in vivo, and on the possible modifications and proteolytic processing of newly 
synthesized SAA in order to address several questions that remain unanswered today. 
A better understanding of SAA for its biological functions is expected to benefit 
human health through development of new diagnostic approaches and therapies.
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Figure 3. 
Immunomodulatory functions of SAA in selected mouse models. Left: transgenic expression of human SAA1 in 
the lung tissue protects mice against LPS-induced acute lung injury [53]. The protection is conferred in part 
through SAA binding to LPS, forming a complex that promotes LPS clearance by macrophages. Middle: SAA1 
and SAA2 expressed in epithelium of the ileum serves as a mediator of segmented filamentous bacteria-induced 
local Th17 response [111, 112], contributing to homeostasis of the microenvironment in the intestine [109]. In 
response to acute injury such as dextran sodium sulfate (DSS) treatment, SAA3 is induced in mouse colonic 
epithelium and serves as an inducer for neutrophil IL-22 expression [92]. Right: SAA1-producing melanomas 
induce neutrophil secretion of IL-10 for its suppressive effect. SAA1 also promotes neutrophil interaction with 
invariant natural killer T (iNKT) cells, thereby limiting IL-10 production but enhancing IL-12 production 
[113]. This mechanism may be explored to reduce the immunosuppressive neutrophils and restore tumor-specific 
immunity.
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Chapter 8

Neuropathology of Traumatic 
Brain Injury and Its Role in the 
Development of Alzheimer’s 
Disease
Sonia Villapol

Abstract

The devastating deficiencies that result from brain injury stem from multiple 
overlapping mechanisms, exacerbated by the fact that there are no effective 
treatments. Traumatic brain injury (TBI) is recognized as the most influential 
environmental risk factor for neurodegenerative disease later in life, including 
dementia of Alzheimer’s disease (AD)-type. However, exactly how TBI triggers and 
strengthens the neurodegenerative cascade of events in AD remains controversial. 
Amyloid deposits and fibril precursor protein are extracellular in systemic amyloid 
A (AA) amyloidosis. In this chapter, I will discuss the neuropathology following TBI 
connected to AD. Additionally, I critically review recent animal and human studies 
regarding how brain trauma affects the potential risks factors for AD progression. 
Furthermore, it will be shown investigate the principal pathological features of 
dementia or AD, specifically focusing on axonal damage and consequent cleavage 
of the amyloid precursor protein (APP), amyloid β plaque formation, or phos-
phorylation and aggregation of tau, neurofibrillary tangles formation, and TDP-43 
accumulation. In summary, despite recent progress more studies are required to (1) 
further understanding of the basic mechanisms and pathophysiology of TBI, (2) 
elucidate the precise association between TBI and neurodegenerative disease, and 
(3) to identify treatments and therapies that can mitigate long-term consequences.

Keywords: tau, TDP-43, neurodegenerative, dementia, amyloid beta, plaques,  
amyloid beta deposition

1. Introduction

Traumatic brain injury (TBI) affects millions of individuals worldwide, with 1.7 
million new cases in the US each year [1]. Although many patients survive the initial 
lesion, TBI initiates a wide variety of pathologies such as neurological deficits, short 
and long-term brain damage, neuroinflammation, cognitive and emotional impair-
ments, all of which depend on the severity of the injury and other various factors 
[2, 3]. Brain injuries are most frequently caused by motor vehicle crashes, sports 
injuries, or simple falls; males are about twice as likely as females to experience a 
brain trauma [4]. At least 5.3 million Americans, or approximately 2% of the total 
US population, currently are burdened with disabilities resulting from TBI [5].  
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Functional deficits caused by TBI result from an initial impact and secondary 
damage that continue to develop over time and provide a therapeutic window for 
treatment to prevent or ameliorate many of the damaging consequences of injury 
[6]. While single compounds have been reported to be effective for short periods in 
standardized rodent models of TBI, therapeutic tools currently available to clini-
cians to treat patients with TBI are minimal.

The neuroinflammatory cascade following TBI contributes to neurodegenera-
tion and death through the cumulative action of multiple damaging processes [7]. 
TBI is one of the most consistent candidates for initiating the molecular cascades 
that result in neurodegenerative diseases, such as Parkinson’s disease (PD) or amyo-
trophic lateral sclerosis (ALS) [8–11]. Notably, there exists a strong epidemiological 
relationship between the occurrence of TBI and the development of Alzheimer’s 
disease (AD) later in life [12–15]. The link between TBI and AD is strengthened 
through the identification of acute and chronic AD-like pathologies in the brain in 
both TBI survivors and animal models of brain injury.

AD is a progressive neurodegenerative disease, which can only be fully diag-
nosed at autopsy. It is characterized, histologically, by the presence of amyloid 
plaques and intracellular neurofibrillary tangles (NFT) in the brain [16]. The 
amyloid plaques consist of aggregated proteinaceous material, a significant com-
ponent of amyloid β (Aβ). The tangles are composed of paired helical filaments 
(PHF) of the microtubule-associated phosphoprotein tau [16, 17]. In this chapter, 
I will describe the main pathological similarities, and differences, between TBI 
and AD. Although the evidence suggests that TBI is a risk factor for dementia, 
very little is known about what type, frequency, or severity of trauma is necessary 
to induce dementia [18].

A chronic disease process is initiated after TBI, known as the secondary injury 
cascade, and as part of this process, neuroinflammation, neuronal loss, or the 
production, aggregation and clearance of Aβ peptides occurs [19]. Several of these 
pathophysiological features have been characterized in patients with AD with 
similar neuropathology. Furthermore, epidemiological studies have shown how 
repetitive injury, or a single mild, moderate, or severe TBI, can cause a wide range 
of proteinopathies [20], and likely contribute to the later onset of debilitating 
neurodegenerative diseases. Indeed, the human pathology of survival from TBI is 
best described as a “polypathology”, featuring Aβ, tau, and TDP-43 pathologies, 
together with white matter degradation, neuronal loss, and neuroinflammation 
[21]. There exist many pathological features common to both acute brain injury and 
AD, including Aβ deposition, tau phosphorylation, neurite degeneration, synapse 
loss and microgliosis [22]. Besides, the susceptibility of the patient may be prede-
termined by multiple factors such as age, sex and the interplay of several genetic 
factors [23–25].

The purpose of this chapter is to discuss the neuropathology and genetic risk 
factors associated with TBI that may collectively shed some light on the risk of 
developing dementia or AD following head trauma, as well as possible treatments in 
animal models and human studies.

2.  Traumatic brain injury, neuroinflammation, and its link with 
Alzheimer’s disease

Postmortem studies in human populations have shown microglia activation 
many years after TBI. Innate activation of microglia generally leads to amyloido-
genic APP processing and the generation of Aβ plaques. Aβ plaques formed during 
the initial weeks after injury may regress with time. In this case, a continuously 
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renewed store of Aβ in degenerating axons can be kept in check through degen-
eration by endogenous mediators or anti-inflammatory phagocytic microglia, or 
macrophages. A deficiency in microglia clearance of Aβ could possibly account for 
this balance shift, especially since aging microglia are known to have a reduction in 
phagocytic capacity and this is also observed in AD, the most common age-related 
dementia [13].

Compelling epidemiological evidence indicates that moderate and severe TBI is 
associated with increased risk of development of progressive disorders of cognitive 
impairment leading to dementia or AD [15, 26–28]. Therefore, TBI is considered as 
a strong epigenetic risk factor for AD [29, 30]. Aβ plaques, a hallmark of AD, are 
found in 30% of patients who do not survive TBI [13]. A history of TBI is a strong 
risk factor for AD, although there remains a lack of clear consensus around this 
topic since a few epidemiological studies have not uncovered such an association 
[31]. However, there exists strong evidence linking TBI to AD-related pathologies 
[32, 33]. Moderate and severe head injury increased the risk of AD for 2.3 and 4.5 
times, respectively [30]. Although there is clinical evidence linking TBI and AD 
pathologies, there is an important lack of knowledge specific to the mechanisms 
driving this link.

In follow up studies, an increased incidence of head trauma in those with AD has 
been found only in males, not in females, and the risk of developing AD after TBI 
focused on injury severity [4, 25]. In studies where these criteria are more broadly 
defined, we can analyze the relative risk from head trauma of differing severity; it 
has been suggested [8] that a prior history of TBI accelerates the onset of AD and 
that the higher the incidence of severe the injury, the higher the risk of developing 
AD. Roberts et al. provided one of the first studies to closely examine Aβ deposition 
after TBI [34] (Table 1). Data from subsequent studies have suggested that even a 
single moderate to severe TBI event is a significant risk factor for the later onset of 
dementia or AD [35, 36].

However, it remains unknown whether patients with prior brain damage 
instead develop a distinct clinical phenotype of dementia, different from that 
of the typical AD. Examination of human brain samples confirmed that TBI 

Patients 
(N)

Category 
of TBI

Pathology associated, postmortem tissue Time 
after 
injury

References

16 Severe TBI 38% Aβ deposits, diffuse plaques 18 days 
of TBI

[34]

152 Severe TBI 30% Aβ diffuse deposits
20% (under 40) Aβ plaques
70% (60–80 age) Aβ plaques (50% controls)

Several 
times

[96]

7 TBI Aβ42 peptide
30% Aβ diffuse deposits

Several 
times

[97]

18 Severe TBI 33% Aβ deposits, Aβ42 peptide, diffuse 
plaques
80% neuronal/glial intracellular Aβ peptides 
tau (PHF-1) axons

2–19 h [36]

18 TBI Aβ42 peptide, axonal damage, APP deposits, 
neurofilament, β-secretase, g-secretase
Tau-positive astrocytes

4 h–5 
days

[22]

11 TBI Tau-positive oligodendrocytes 2 h [107]

Table 1. 
Patients with TBI and associated AD pathology.
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Functional deficits caused by TBI result from an initial impact and secondary 
damage that continue to develop over time and provide a therapeutic window for 
treatment to prevent or ameliorate many of the damaging consequences of injury 
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after TBI [34] (Table 1). Data from subsequent studies have suggested that even a 
single moderate to severe TBI event is a significant risk factor for the later onset of 
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However, it remains unknown whether patients with prior brain damage 
instead develop a distinct clinical phenotype of dementia, different from that 
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Animals Animal 
injury 
model

Pathology associated 
to AD

Time 
post-
injury

Brain regions References

Mouse 
(Tg2576)

Controlled 
cortical 
impact

Increase Aβ40 and Aβ42 
levels

9–16 
weeks

Cortex [92]

Mouse 
(wild-type)

Controlled 
cortical 
impact

Increase Aβ40 oligomers 
and Aβ42 levels
Increase pTau

3 days Hippocampus [37]

Mouse 
(3xTg-AD)

Repetitive 
mild TBI

Increase pTau 1 day Fimbria [93]

Mouse 
(3xTg-AD)

Controlled 
cortical 
impact

Increase Aβ40 levels
Increase total Tau and 
pTau

1–24 h 
and 7 
days

Cortex [76, 108]

Mouse 
(h-Tau)

Repetitive 
mTBI

Increase pTau 21 d Cortex [77]

Mouse 
(APP-YAC)

Controlled 
cortical 
impact

Decrease Aβ40 levels, 
but not Aβ42

1 week Cortex [109]

Mouse 
(APPNLh/
NLh)

Controlled 
cortical 
impact

Decrease of caspase-3 
by administration of a 
pan-caspase inhibitor
Reduction of caspase-
cleaved APP, Aβ40 and 
Aβ40
Improved histological 
outcome

24 h
14 days

Cortex [43]

Controlled 
cortical 
impact

Administration of 
simvastatin resulted in 
decreased Aβ levels
Decreased hippocampal 
tissue loss
Behavioural outcome 
improved

3 h Hippocampus [110]

Mouse 
(BACE 
knock-out)

Controlled 
cortical 
impact

Increase Aβ40
Improved histological, 
behavioural outcomes 
following injury
Administration 
of a γ-secretase 
inhibitor (DAPT) in 
non-transgenic mice 
improved outcomes

1–7 days Cortex and 
hippocampus

[19]

Controlled 
cortical 
impact

Increase Aβ40 23 days Hippocampus [111]

Mouse 
(PDAPP)

Controlled 
cortical 
impact

Increase Aβ40 and Aβ42 
levels
Increase neuronal 
death and memory 
impairment
No Aβ plaques

2 h–2 
months

Cortex and 
hippocampus

[90]

Controlled 
cortical 
impact

Decrease in Aβ plaques 2, 5 
and 8 
months

Cortex and 
Hippocampus

[91]

Controlled 
cortical 
impact

Decrease in Aβ plaques 16 weeks Hippocampus [103]
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processes were the principal driver of accumulation of Aβ peptides in swollen 
axons shortly after TBI, which persisted for years following the initial trauma 
[13]. In addition to such clinical studies, there exist multiple types of brain 
injuries in different animal models of AD. These animal models have been used to 
examine the formation, aggregation, and accumulation of Aβ after injury; almost 
all of these are demonstrated an elevation in Aβ levels after TBI (Table 2).

Animals Animal 
injury 
model

Pathology associated 
to AD

Time 
post-
injury

Brain regions References

Mouse 
(PDAPP) 
and Tg2576

Controlled 
cortical 
impact

Increase Aβ baseline in 
transgenic and decrease 
Aβ after injury

2–24 h Interstitial 
fluid

[112]

Mouse 
(PDAPP) 
crossed 
with apoE3 
and apoE4

Controlled 
cortical 
impact

56% apoE4:PDAPP: 
increase Aβ deposition 
and amyloid plaques
20% apoE3:PDAPP: 
increase Aβ deposition 
and amyloid plaques

3 months Hippocampus [100]

Mouse 
(ApoE3/
ApoE4), or 
ApoE null 
mice

Closed head 
injury

ApoE4 Die or poorer 
outcomes than apoE3

11 days Cortex [113]

Rat 
(Sprague 
Dawley)

Weight drop 
(open skull)

APP accumulation in 
damaged axons
No accumulating Aβ 
observed intracellularly 
or in plaques

1, 3 and 
21 days

Cortex and 
thalamus

[94]

Lateral fluid 
percussion

APP accumulation in 
damaged axons
No accumulating Aβ 
observed intracellularly 
or in plaques

1 h, 2 h, 
48 h, 1 
week, or 
2 weeks

Cortex, 
striatum, 
cingulum, 
and 
hippocampus

[95]

Lateral fluid 
percussion

Reduction of Aβ 
accumulated in damage 
axons according with 
severity of injury

2 days–1 
year

White matter, 
cortex and 
thalamus

[114]

Lateral fluid 
percussion

Increase pTau 6 
months

White matter, 
cortex

[115]

Weight drop 
(open skull)

APP and Aβ identified 
in damaged axons
No Aβ plaques observed

6 h–10 
days

White matter [44]

Controlled 
cortical 
impact

Increase cleaved Tau 6–168 h Cortex [116]

Swine Rotational 
acceleration 
(model of 
DAI)

APP and Aβ 
accumulation
Diffuse Aβ plaques
Increase total Tau

3–10 
days

White matter 
and cortex

[117]

Rotational 
acceleration 
(model of 
DAI)

Aβ, APP, BACE 
and presenilin-1 
accumulation in 
damaged axons
Diffuse Aβ plaques

3h, 3 
days, 6 
months

Subcortical 
white matter

[65]

Table 2. 
Animal studies on TBI and associated AD pathology.
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processes were the principal driver of accumulation of Aβ peptides in swollen 
axons shortly after TBI, which persisted for years following the initial trauma 
[13]. In addition to such clinical studies, there exist multiple types of brain 
injuries in different animal models of AD. These animal models have been used to 
examine the formation, aggregation, and accumulation of Aβ after injury; almost 
all of these are demonstrated an elevation in Aβ levels after TBI (Table 2).
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injury
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outcomes than apoE3
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APP accumulation in 
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Animal studies on TBI and associated AD pathology.



Amyloid Diseases

140

3. Neuropathology of TBI: related proteins

TBI regulates the expression patterns of several proteins commonly associated 
with neurodegenerative diseases, such as α-synuclein, amyloid precursor protein, 
Aβ, TDP-43, and tau [37–40] (Figure 1). Besides, the ApoE4 gene and their cleaved 
products are implicated in neurodegenerative disorders, axonal pathology, and 
apoptosis following TBI [41, 42]. TBI also induces caspase-3, which is involved 
in APP processing, contributing to AD [43, 44]. This increase in APP expression 
and neuroinflammatory response following injury may contribute to a cycle of Aβ 
deposition and microglial activation that ultimately result in chronic neuropathol-
ogy [45, 46]. In this section, I will summarize the principal proteins involved in TBI 
and AD and their associated factors in the neurodegenerative process.

3.1 Amyloid precursor protein (APP)

APP and its proteolytic derivatives are important mediators of neuronal syn-
aptogenesis and synapse maintenance [47]. APP functions in the axonal transport 
of vesicles and presenilin (PS) regulate intracellular protein trafficking, highlight-
ing the role of APP as a synaptic vesicle protein [47]. TBI leads to overexpression 

Figure 1. 
Relationship between neuropathological proteins induced after brain injury and the onset of Alzheimer’s 
disease. Schematic diagram showing that traumatic brain injury (TBI) and Alzheimer’s disease (AD) share 
similar pathological pathways (such Aβ pathologies and TDP-43 proteinopathy) and neuroinflammatory 
responses that potentially could explain the vulnerability of TBI patients to the onset of dementia/AD.
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of APP within neuronal cell bodies and APP accumulation within injured axons 
[48] (Figure 2C). Postmortem studies on human brain tissue samples from 
patients who have sustained mild TBI, but died due to other causes, have shown 
that APP accumulation occurs very rapidly (within a few hours) after brain [49]. 
Once mature, APP can be processed by two mutually exclusive complex pathways, 
either the non-amyloidogenic or the amyloidogenic pathway [50]. The non-
amyloidogenic pathway accounts for the majority of APP processing and results 
in the secreted APP (sAPPα) via α-secretase cleavage [51]. The β- and γ-secretase 
pathway is responsible for producing secreted APPβ (sAPPβ) and the toxic Aβ, 
which is found within amyloid plaques in AD [52]. Both axonal APP accumulation 
and long-term accumulation of Aβ has been reported in injured axons following 
TBI [53]. This large reservoir of APP in axons might be aberrantly cleaved to form 
Aβ [49]. Evidence for the role of caspase-3 in APP cleavage and Aβ production has 
come from recent studies examining the effects of caspase inhibition following 
trauma [43]. APP undergoes sequential proteolysis to produce plaque-forming Aβ 
peptides.

3.2 Amyloid β formation and amyloid plaques

3.2.1 Protein amyloid-β

Amyloid is a highly-ordered filamentous protein aggregate generally regarded 
as a misfolding event in which proteins that are soluble accumulate into fibrous 
structures [54]. However, determinants of amyloid formation and toxicity are 
largely unknown.

Edema, inflammatory response, vasculature changes, and deposition of Aβ have 
all been found to be localized pathological changes after TBI [55]. As such, an under-
standing of the mechanism promoting AD risk is important. Although TBI is typically 
believed to be a static pathological insult from a single event, new clinical unrecognized 
clinical symptoms can arise many years after the initial injury. In human studies, TBI 
has been shown to result in amyloid deposits reminiscent of AD pathology.

Aβ immunoreactivity and protein expression increase for as long as a year after 
injury, indicating that Aβ aggregation and plaques formation may continue long 
after APP gene expression returns to normal. Plaques found in TBI patients are 
strikingly similar to those observed in the early stages of AD [13, 14]. However, TBI-
associated plaques can appear rapidly (within hours) after injury, whereas plaques 
in AD develop slowly and are found predominantly in the elderly [13].

Monomeric forms of Aβ can aggregate to form oligomers, protofibrils; these 
fibrils deposit as amyloid plaque (Figure 1), unaggregated oligomeric forms of Aβ 
may contribute to toxicity after TBI [56]. Aβ causes apoptotic cell death of neu-
ronal cells in culture by the induction of caspases, known instigators of apoptotic 
cell death [57]. Accumulation of Aβ deposits, hippocampal damage, and chronic 
inflammation were found mainly in subcortical regions [18]. Early microglial accu-
mulation in AD delays disease progression by promoting clearance of neurotoxic Aβ 
peptides before the formation of senile plaques. However, as AD mice age, microglia 
become dysfunctional, producing proinflammatory cytokines in response to Aβ 
aggregation downregulate genes involved in Aβ clearance [58].

3.2.2 Mechanisms of post-traumatic amyloid-β formation

The intracellular accumulation of Aβ, extracellular deposition of soluble Aβ 
plaques, and aggregation of tau protein have all been observed in patients, some-
times within hours after severe brain injury [59, 60]. Aβ accumulation and amyloid 
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of APP within neuronal cell bodies and APP accumulation within injured axons 
[48] (Figure 2C). Postmortem studies on human brain tissue samples from 
patients who have sustained mild TBI, but died due to other causes, have shown 
that APP accumulation occurs very rapidly (within a few hours) after brain [49]. 
Once mature, APP can be processed by two mutually exclusive complex pathways, 
either the non-amyloidogenic or the amyloidogenic pathway [50]. The non-
amyloidogenic pathway accounts for the majority of APP processing and results 
in the secreted APP (sAPPα) via α-secretase cleavage [51]. The β- and γ-secretase 
pathway is responsible for producing secreted APPβ (sAPPβ) and the toxic Aβ, 
which is found within amyloid plaques in AD [52]. Both axonal APP accumulation 
and long-term accumulation of Aβ has been reported in injured axons following 
TBI [53]. This large reservoir of APP in axons might be aberrantly cleaved to form 
Aβ [49]. Evidence for the role of caspase-3 in APP cleavage and Aβ production has 
come from recent studies examining the effects of caspase inhibition following 
trauma [43]. APP undergoes sequential proteolysis to produce plaque-forming Aβ 
peptides.

3.2 Amyloid β formation and amyloid plaques

3.2.1 Protein amyloid-β

Amyloid is a highly-ordered filamentous protein aggregate generally regarded 
as a misfolding event in which proteins that are soluble accumulate into fibrous 
structures [54]. However, determinants of amyloid formation and toxicity are 
largely unknown.

Edema, inflammatory response, vasculature changes, and deposition of Aβ have 
all been found to be localized pathological changes after TBI [55]. As such, an under-
standing of the mechanism promoting AD risk is important. Although TBI is typically 
believed to be a static pathological insult from a single event, new clinical unrecognized 
clinical symptoms can arise many years after the initial injury. In human studies, TBI 
has been shown to result in amyloid deposits reminiscent of AD pathology.

Aβ immunoreactivity and protein expression increase for as long as a year after 
injury, indicating that Aβ aggregation and plaques formation may continue long 
after APP gene expression returns to normal. Plaques found in TBI patients are 
strikingly similar to those observed in the early stages of AD [13, 14]. However, TBI-
associated plaques can appear rapidly (within hours) after injury, whereas plaques 
in AD develop slowly and are found predominantly in the elderly [13].

Monomeric forms of Aβ can aggregate to form oligomers, protofibrils; these 
fibrils deposit as amyloid plaque (Figure 1), unaggregated oligomeric forms of Aβ 
may contribute to toxicity after TBI [56]. Aβ causes apoptotic cell death of neu-
ronal cells in culture by the induction of caspases, known instigators of apoptotic 
cell death [57]. Accumulation of Aβ deposits, hippocampal damage, and chronic 
inflammation were found mainly in subcortical regions [18]. Early microglial accu-
mulation in AD delays disease progression by promoting clearance of neurotoxic Aβ 
peptides before the formation of senile plaques. However, as AD mice age, microglia 
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plaques, and aggregation of tau protein have all been observed in patients, some-
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Figure 2. 
Representative immunohistochemical images showing neurodegenerative markers in a mouse model of 
Alzheimer’s disease after brain injury. (A) Aβ plaques detected using Aβ42 antibody in the cortex of AD model 
mice (3xTg-AD, 9 months old mice) (inset in A, high magnification in a). (B) Aβ plaques detected using 
Thioflavin-S staining in the cortex of old 3xTg-AD (B, high magnification in b). (C) Representative broken 
axons stained with APP showing axonal bulbs found acutely following TBI in wild-type mice. (D–F) Aβ42 
diffuse plaques were identifying using an antibody specific for Aβ42 and were not detected by Thioflavin-S 
staining, in the CA1 hippocampal region (D), in the corpus callosum (E), and in the cortex (F) of wild-
type mice. (G–H) Hippocampal neurons were stained using an antibody for phosphorylated tau in the CA1 
hippocampus (G, high magnification in g) and cortical pyramidal layer (H, high magnification in h) after 
TBI in old 3xTg-AD mice. Scale bars: 200 μm (A), 50 μm (B–H), and 20 μm (a, b, f, g, and h).
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deposition precede the cognitive decline in Alzheimer’s disease, with the pathology 
arriving later, and is associated with non-Alzheimer’s disease dementia. Deposition 
of amyloid plaques from Aβ peptide in Alzheimer’s disease or acute phase of TBI 
have previously been reported to involve either mononuclear phagocytes, endocytic 
uptake, or proteolytic processing of the APP during fibril formation [61, 62]. Levels 
of Aβ were found to be high days after TBI and then declined towards control levels 
in the subsequent 2 weeks. It has been suggested that a long-term process of Aβ 
metabolism is initiated by TBI, which can be cleaved to form Aβ. Both species of 
Aβ, Aβ40, and Aβ42, are increased in the first week after injury in the CSF of TBI 
patients; other studies have shown comparatively lower Aβ40 levels compared to 
high levels of Aβ42 [63]. Intracellular Aβ accumulation of non-plaque species of 
Aβ is more common than plaque deposition after TBI. Aβ is produced by sequential 
cleavage of the amyloid precursor protein APP via two enzymes, β- and γ-secretase. 
Depending on the cleavage point of γ-secretase, Aβ peptides of different amino 
acid length are produced. The two most closely linked to AD are Aβ40 and Aβ42 
[64]. The accumulation of Aβ peptides is thought to be a major initiator event in 
AD pathogenesis (Figure 1). TBI leading to impaired axonal transport induces a 
long-term pathological co-accumulation of APP with β-site APP-cleavage enzyme 
1 (BACE1), presenilin 1 and activated caspases, thus providing a possible mecha-
nism for APP cleavage and production of Aβ within axons following TBI [65]. The 
release of Aβ (especially Aβ42) into tissue and plaque formation around damaged 
axons occurs after APP accumulation and Aβ production in damaged axons. Both 
presenilin-1 (PS1) and BACE were found in swollen axons in the swine model and 
in humans (Table 2). Targeting the APP secretase enzymes can prevent the increase 
in Aβ after TBI [19], specifically, Aβ42 was found to accumulate in the axonal bulbs 
of injured brains [22]. BACE1 and PS1 were increased in the damaged axons of TBI 
patients, and our previous studies have also shown that BACE1 and PS1 are consid-
ered the promising targets for the treatment of TBI [19].

Plaques have also been observed in pericontusional tissue surgically excised 
from survivors of TBI. Nevertheless, the key pathological similarity between TBI 
with AD is the observation that Aβ plaques are found in up to 30% of patients 
who die of acute TBI [14]. While TBI-associated plaques largely appear in the gray 
matter, they have also been identified in white matter. Amyloid plaques consist 
primarily of aggregated Aβ peptides, which are surrounded by dystrophic neurites, 
microglia, and reactive astrocytes [66, 67].

3.3 Tau protein and neurofibrillary tangles

The tau protein is associated with microtubules and plays a role in the out-
growth of neuronal processes and the development of neuronal polarity [68]. 
Misfolded and aggregated tau causes a gain of toxic function by hindering normal 
and axonal processes; axonal neurodegeneration due to the loss of tau is caused by 
a decrease in tau microtubule binding capabilities [69, 70]. Tau oligomerization is 
known as a critical mechanism in the development of NFTs, consisting of hyper-
phosphorylated tau proteins with pathological function [71]. AD is also character-
ized by intracellular hyperphosphorylated tau that constitutes the NFTs and senile 
plaques and is one of the most common tauopathies [72]. Furthermore, toxic tau 
proteins increase within hours after clinical brain injury [22], and their release 
and spreading effect may also contribute to the development of tauopathy follow-
ing TBI [73]. It was described that the spatial pattern of the tau-immunoreactive 
pathology observed in chronic traumatic encephalopathy (CTE) is typical of the 
tauopathies [74]. The tau from both TBI and AD brains is phosphorylated at the 
same amino acids, resulting in the proteolytic cleavage of six isoforms known as 
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deposition precede the cognitive decline in Alzheimer’s disease, with the pathology 
arriving later, and is associated with non-Alzheimer’s disease dementia. Deposition 
of amyloid plaques from Aβ peptide in Alzheimer’s disease or acute phase of TBI 
have previously been reported to involve either mononuclear phagocytes, endocytic 
uptake, or proteolytic processing of the APP during fibril formation [61, 62]. Levels 
of Aβ were found to be high days after TBI and then declined towards control levels 
in the subsequent 2 weeks. It has been suggested that a long-term process of Aβ 
metabolism is initiated by TBI, which can be cleaved to form Aβ. Both species of 
Aβ, Aβ40, and Aβ42, are increased in the first week after injury in the CSF of TBI 
patients; other studies have shown comparatively lower Aβ40 levels compared to 
high levels of Aβ42 [63]. Intracellular Aβ accumulation of non-plaque species of 
Aβ is more common than plaque deposition after TBI. Aβ is produced by sequential 
cleavage of the amyloid precursor protein APP via two enzymes, β- and γ-secretase. 
Depending on the cleavage point of γ-secretase, Aβ peptides of different amino 
acid length are produced. The two most closely linked to AD are Aβ40 and Aβ42 
[64]. The accumulation of Aβ peptides is thought to be a major initiator event in 
AD pathogenesis (Figure 1). TBI leading to impaired axonal transport induces a 
long-term pathological co-accumulation of APP with β-site APP-cleavage enzyme 
1 (BACE1), presenilin 1 and activated caspases, thus providing a possible mecha-
nism for APP cleavage and production of Aβ within axons following TBI [65]. The 
release of Aβ (especially Aβ42) into tissue and plaque formation around damaged 
axons occurs after APP accumulation and Aβ production in damaged axons. Both 
presenilin-1 (PS1) and BACE were found in swollen axons in the swine model and 
in humans (Table 2). Targeting the APP secretase enzymes can prevent the increase 
in Aβ after TBI [19], specifically, Aβ42 was found to accumulate in the axonal bulbs 
of injured brains [22]. BACE1 and PS1 were increased in the damaged axons of TBI 
patients, and our previous studies have also shown that BACE1 and PS1 are consid-
ered the promising targets for the treatment of TBI [19].

Plaques have also been observed in pericontusional tissue surgically excised 
from survivors of TBI. Nevertheless, the key pathological similarity between TBI 
with AD is the observation that Aβ plaques are found in up to 30% of patients 
who die of acute TBI [14]. While TBI-associated plaques largely appear in the gray 
matter, they have also been identified in white matter. Amyloid plaques consist 
primarily of aggregated Aβ peptides, which are surrounded by dystrophic neurites, 
microglia, and reactive astrocytes [66, 67].

3.3 Tau protein and neurofibrillary tangles

The tau protein is associated with microtubules and plays a role in the out-
growth of neuronal processes and the development of neuronal polarity [68]. 
Misfolded and aggregated tau causes a gain of toxic function by hindering normal 
and axonal processes; axonal neurodegeneration due to the loss of tau is caused by 
a decrease in tau microtubule binding capabilities [69, 70]. Tau oligomerization is 
known as a critical mechanism in the development of NFTs, consisting of hyper-
phosphorylated tau proteins with pathological function [71]. AD is also character-
ized by intracellular hyperphosphorylated tau that constitutes the NFTs and senile 
plaques and is one of the most common tauopathies [72]. Furthermore, toxic tau 
proteins increase within hours after clinical brain injury [22], and their release 
and spreading effect may also contribute to the development of tauopathy follow-
ing TBI [73]. It was described that the spatial pattern of the tau-immunoreactive 
pathology observed in chronic traumatic encephalopathy (CTE) is typical of the 
tauopathies [74]. The tau from both TBI and AD brains is phosphorylated at the 
same amino acids, resulting in the proteolytic cleavage of six isoforms known as 
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cleaved tau (c-tau), including the AT8 epitope [75]. Hyperphosphorylated Tau 
has been shown to increase between 1 and 7 days after moderate TBI in triple 
transgenic AD mice [76] and at 3 weeks after repetitive mild TBI in the human Tau 
(hTau) tauopathy mouse model [77] (Table 2). Experimental studies in animal 
models suggest that intra-axonal tau accumulation and tau phosphorylation may 
be in fact the consequences of repeated brain trauma or dementia pugilistica/CTE 
[78]. Today, CTE is used to define the neurological sequelae and neuropathological 
changes that occur as a result of repeat concussive or subconcussive blows to the 
head. Besides, the pathology of CTE is also characterized as a tauopathy, a class of 
neurodegenerative disease caused by the pathological aggregation of tau protein 
[78]. In CTE, NFTs also consist of hyperphosphorylated and ubiquitinated tau [79, 
80]. Tau degradation in boxers with CTE are structurally and chemically similar to 
those seen in AD and frontotemporal lobar degeneration (FTLD) [80]. Treatment 
with γ-secretase inhibitors diminishes amyloid pathology but does not affect 
TBI-induced tangle formation, suggesting that TBI-induced tau pathology is not a 
downstream event of Aβ and plaque formation [81].

3.4 TDP-43 pathology

TAR DNA-binding protein (TDP-43) protein has been identified as a regulator 
of gene expression and exon splicing with DNA and RNA binding capabilities. 
Hence, though TDP-43 is synthesized in the cytoplasm and resides in the nucleus 
of neurons and glia, under pathological conditions TDP-43 is accumulated in the 
cytoplasm in the form of ubiquitinated and hyperphosphorylated inclusions [82] 
(Figure 1). Pathological TDP-43 has been identified as the main disease-associated 
protein in ALS and FTLD. It has also been recognized as a secondary feature in 
many other neurodegenerative diseases, including Huntington disease, AD and 
PD [83]. Axonal damage results in an upregulation of TDP-43 expression, together 
with a redistribution of TDP-43 from the nuclear compartment to the cytoplasm 
[33, 84]. TBI induces TDP-43 abnormalities that can contribute to the neurological 
consequences of TBI, such as worse cell death, and cognitive deficits [85]. TDP-43 
proteinopathy is also part of the acute or delayed pathological sequelae of repeti-
tive mild, concussive TBI or CTE pathogenesis [86, 87]. The TDP-43 proteinopathy 
associated with CTE is similar to that found in FTLD with TDP-43 inclusions [87]. 
Intraneuronal accumulation of non-phosphorylated TDP-43 after a single TBI 
has also been reported [88]. Contrarily, related studies failed to demonstrate an 
association between single TBI and TDP-43 proteinopathy, only with repetitive 
TBI, indicating that just many insults reinforcing acute upregulation are suf-
ficient to cause TDP-43 aggregation. Importantly, aggregates of phospho-TDP-43 
were not increased long-term following TBI [88]. To the best of our knowledge, 
a clear functional role of altered TDP-43 expression levels after TBI has not been 
demonstrated, though this might disrupt signaling pathways involved in neuronal 
dysfunction, as some authors have suggested [89].

4. AD pathology in animal models of brain trauma

Several experimental animal models of TBI have been utilized in the attempt 
to replicate amyloid and tau pathologies, as well as other proteinopathies associ-
ated to AD. Some of these have been summarized in Table 2. Animal models of 
TBI show elevated Aβ levels, Aβ production, and Aβ deposition, specific to the 
brain region and anatomy and varying with the type of injury. Observed in mice 
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that overexpress normal human APP, there is an increase in tissue concentrations 
of Aβ after injury, associated with an increase in hippocampal neuronal death 
and memory impairment [43]. However, TBI alone does not seem to induce acute 
plaque formation systematically. Controlled cerebral impact (CCI) injury in an 
APP transgenic mouse model (PDAPP) has been shown to result in a spike in 
Aβ40 and Aβ42, peaking at 2 h post-injury and returning to baseline by 6 h [90]. 
Studies in PDAPP mice over greater intervals have shown that CCI can decrease 
the deposition of Aβ in the ipsilateral cortex and hippocampus, up to 4–8 months 
after injury, compared to the uninjured side of the brain [91]. Additionally, CCI 
injuries, using in a different APP transgenic mouse model (Tg2576), have been 
shown cause elevated soluble and insoluble cortical Aβ40 and Aβ42 levels as well 
as amyloid plaque deposition [92]. Finally, studies in APPNLh/NLh mice, a gene- 
targeted mouse model that expresses normal levels of human APP, yielded 
elevated Aβ40 levels via inhibition of caspase-3 activity, only for the first 24 h 
after CCI, while Aβ42 levels remain elevated through 14 days [43]. Repetitive 
TBI is known to cause cumulative damage. After mild TBI in mice, during two 
consecutive days, studies have reported delayed recovery from fine motor coor-
dination deficits as well as evidence of enhanced blood-brain barrier breakdown 
accompanied by axonal injury [21]. A recent study in an animal model using a 
triple-transgenic mouse model of Alzheimer’s disease (3xTg-AD), the effect of 
repetitive mild TBI caused an increase of tau hyperphosphorylation and activa-
tion of asparaginyl endopeptidase (AEP), a cysteine proteinase which is known to 
be involved in tau phosphorylation [93].

In contrast, repetitive TBI in a Tg2576 APP-transgenic mice model did result in 
greater Aβ deposition as well as an increase in the production of both soluble and 
insoluble cortical Aβ40 and Aβ42, which may be a result of the higher levels of 
oxidative stress after repetitive TBI [92]. However, TBI does not lead to early amyloid 
plaque formation in transgenic mice, and at later times there is a reduction in amy-
loid plaques in ipsilateral injury regions [90, 91]. Also, Aβ accumulation was identi-
fied in damaged axons shortly after brain injury, albeit still in the absence of Aβ 
plaques [94, 95]. However, the lack of evidence of Aβ deposition in non-transgenic 
animals was attributed, in part, to differences in the Aβ peptides found in differ-
ent species. Experimental results of moderate and severe TBI studies in transgenic 
models of AD are also contrasted with that seen in human TBI (Table 1). First, rapid 
Aβ deposition has not been demonstrated in any of the described transgenic models, 
unlike human studies [34, 36, 96, 97]. Second, increased severity of the injury does 
not result in increased Aβ deposition; instead, it seems to correlate with reduced 
Aβ deposition or possibly resolution of previously established plaques, as reported 
by [98]. In summary, all the animal models mentioned above provide important 
information regarding the potentially detrimental consequences of elevated Aβ 
levels following TBI. However, post-traumatic Aβ deposition has not been observed 
in the majority of non-transgenic animal studies; most failed to identify plaque 
pathology that is commonly observed following human TBI. To better understand 
the effects of repeat trauma on the brain, an animal model that can model the disease 
after repetitive trauma is required. Unfortunately, such an experimental model does 
not yet exist and will be challenging to generate.

5. Apolipoprotein E4 allele and TBI increase the risk of developing AD

The epidemiology of both AD and TBI are dominated by a single genetic 
risk factor, the APOE genotype. In humans, there are three distinct isoforms of 
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that overexpress normal human APP, there is an increase in tissue concentrations 
of Aβ after injury, associated with an increase in hippocampal neuronal death 
and memory impairment [43]. However, TBI alone does not seem to induce acute 
plaque formation systematically. Controlled cerebral impact (CCI) injury in an 
APP transgenic mouse model (PDAPP) has been shown to result in a spike in 
Aβ40 and Aβ42, peaking at 2 h post-injury and returning to baseline by 6 h [90]. 
Studies in PDAPP mice over greater intervals have shown that CCI can decrease 
the deposition of Aβ in the ipsilateral cortex and hippocampus, up to 4–8 months 
after injury, compared to the uninjured side of the brain [91]. Additionally, CCI 
injuries, using in a different APP transgenic mouse model (Tg2576), have been 
shown cause elevated soluble and insoluble cortical Aβ40 and Aβ42 levels as well 
as amyloid plaque deposition [92]. Finally, studies in APPNLh/NLh mice, a gene- 
targeted mouse model that expresses normal levels of human APP, yielded 
elevated Aβ40 levels via inhibition of caspase-3 activity, only for the first 24 h 
after CCI, while Aβ42 levels remain elevated through 14 days [43]. Repetitive 
TBI is known to cause cumulative damage. After mild TBI in mice, during two 
consecutive days, studies have reported delayed recovery from fine motor coor-
dination deficits as well as evidence of enhanced blood-brain barrier breakdown 
accompanied by axonal injury [21]. A recent study in an animal model using a 
triple-transgenic mouse model of Alzheimer’s disease (3xTg-AD), the effect of 
repetitive mild TBI caused an increase of tau hyperphosphorylation and activa-
tion of asparaginyl endopeptidase (AEP), a cysteine proteinase which is known to 
be involved in tau phosphorylation [93].

In contrast, repetitive TBI in a Tg2576 APP-transgenic mice model did result in 
greater Aβ deposition as well as an increase in the production of both soluble and 
insoluble cortical Aβ40 and Aβ42, which may be a result of the higher levels of 
oxidative stress after repetitive TBI [92]. However, TBI does not lead to early amyloid 
plaque formation in transgenic mice, and at later times there is a reduction in amy-
loid plaques in ipsilateral injury regions [90, 91]. Also, Aβ accumulation was identi-
fied in damaged axons shortly after brain injury, albeit still in the absence of Aβ 
plaques [94, 95]. However, the lack of evidence of Aβ deposition in non-transgenic 
animals was attributed, in part, to differences in the Aβ peptides found in differ-
ent species. Experimental results of moderate and severe TBI studies in transgenic 
models of AD are also contrasted with that seen in human TBI (Table 1). First, rapid 
Aβ deposition has not been demonstrated in any of the described transgenic models, 
unlike human studies [34, 36, 96, 97]. Second, increased severity of the injury does 
not result in increased Aβ deposition; instead, it seems to correlate with reduced 
Aβ deposition or possibly resolution of previously established plaques, as reported 
by [98]. In summary, all the animal models mentioned above provide important 
information regarding the potentially detrimental consequences of elevated Aβ 
levels following TBI. However, post-traumatic Aβ deposition has not been observed 
in the majority of non-transgenic animal studies; most failed to identify plaque 
pathology that is commonly observed following human TBI. To better understand 
the effects of repeat trauma on the brain, an animal model that can model the disease 
after repetitive trauma is required. Unfortunately, such an experimental model does 
not yet exist and will be challenging to generate.

5. Apolipoprotein E4 allele and TBI increase the risk of developing AD

The epidemiology of both AD and TBI are dominated by a single genetic 
risk factor, the APOE genotype. In humans, there are three distinct isoforms of 
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the protein: apoE2, apoE3, and apoE4, distinguished by three alleles [99]. The 
apoE ε4 allele confers strong susceptibility for AD and is also the factor for the 
development of amyloid plaques after TBI. Furthermore, the apoE ε4 allele has 
been associated with increased Aβ in the cerebral cortex and unfavorable outcome 
after TBI [100]. ApoE4 individuals were over 10 times more likely to develop AD 
after severe TBI than those who did not posse the allele [101], and the presence 
of an apoE4 allele is linked to poor recovery from extended coma. Professional 
boxers containing the apoE ε4 allele were at increased risk of CTE compared to 
boxers without the apoE ε4 allele [102]. This finding suggests that genetic factors 
may strongly influence the risk of CTE after brain injury. However, the possibil-
ity remains that certain boxers may be innately ‘resistant’ to developing AD or 
dementia following CTE; definitely, not all boxers go on to develop AD, despite 
repetitive injury and having the higher risk genotype. Consistent with a role of 
ApoE protein in amyloid deposition in humans, apoE4 also increases amyloid 
plaque formation in mice. Aβ deposition is also significantly increased follow-
ing head trauma in PDAPP (platelet-derived growth factor promoter expressing 
amyloid precursor protein) mice carrying the human apoE ε4 allele versus those 
carrying apoE ε3 or no apoE (Table 2) [103]. Finally, transgenic APOE ε4 mice, 
which also overexpress APP, show accelerated deposition of Aβ following injury, 
suggesting apoE ε4 may reduce the clearance of Aβ, thereby favoring its deposi-
tion [100] (Table 2). Some recent reports are controversial clinical and preclinical 
studies about the link between poor outcome after severe and mild TBI and the 
APOE4 gene [11, 16, 30, 104, 105].

6. Similarities and differences in the neuropathology of TBI and AD

The similarities and differences in the neuropathology associated to TBI and AD 
are complex. Aβ formation and aggregation, tau phosphorylation, including other 
proteins found in the brain and CSF following TBI, share a lot of similarities with 
AD, but also several evident differences. Principally, the localization and distribu-
tion of proteins in TBI patients are fundamentally distinct from the characteristic 
pattern commonly observed in AD [13]. However, one strong similarity between TBI 
and AD is in the Aβ plaque formation; both are primarily composed of Aβ 41–42, 
furthermore, CSF levels of Aβ are increased similarly for both [106]. However, in 
AD there are numerous, compact, core Aβ aggregates in addition to neurofibril-
lary tangles and neuropil threads, this in contrast to TBI where there appears to be 
a higher prevalence of diffuse Aβ plaques [34, 36]. Notably, Aβ plaques in TBI are 
typically described as diffuse and do not display the histochemical or morphologi-
cal features of the senile plaques that are characteristic of AD [35]. Aβ toxicity only 
emerges when levels exceed a certain threshold, and unaggregated oligomeric forms 
of Aβ may contribute to toxicity. As such, rapid aggregation of Aβ into plaques may 
be a protective event following TBI [73]. In CTE, the tau inclusions are morphologi-
cally most similar to those found in AD, with pyramidal neurons maintaining their 
shape, and tangles consisting of hyperphosphorylated and ubiquitinated tau [84]. 
This phospho-tau staining was also observed in axons and clusters of neuronal cell 
bodies in the cerebral cortex and hippocampus (Figure 2G and H). Such studies 
have also noted the existence of tau-positive reactive astrocytes in AD, a pathology 
that is not usually associated with AD. Finally, the tau immunoreactive profile of 
CTE is characteristically very patchy and irregular, with preferential deposition in 
the superficial neocortical layers, while tangles in AD are found in deep and in super-
ficial layers [33]. In summary, while there are certain important differences between 
mild, moderate, and severe TBI and dementia or AD, given the significant overlap 
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in neuropathology, there is still much that can be gleaned by closely comparing the 
molecular and cellular mechanisms involved in both of these neuropathological 
processes.

7. Conclusions

The association between trauma and the onset of neurodegenerative diseases, 
such as AD, is extremely convoluted, further complicated by the absence of 
appropriate animal models able to reproduce human pathologies. Elucidation of 
this nature of this link remains in its infancy, requiring extensive further research 
to chip away at the underlying relationship. Moreover, quantification of the rela-
tive contributions of various risk factors for developing these pathologies, such 
as cellular and molecular mechanisms, frequency and severity of the injury, age, 
sex, and potential genetic predisposition, remain mostly imprecise. Although we 
do not know how TBI fundamentally impacts the long-term outcome and affects 
the risk of dementia, it remains clear that amyloid pathways play an important 
role in secondary injury and acute cell death after trauma. Continued efforts to 
investigate why TBI, and repeat concussions, may lead to AD and other associ-
ated dementias are required. Further understanding of the molecular mechanism 
underlying these events is required, achievable via better designed animal models 
able to more closely and accurately mimic the observed behavioral and patho-
logical changes. Only then will we be well equipped to precisely evaluate novel 
therapeutic agents that may intervene in the disease process. Future research will 
be required to uncover the mechanisms through which TBI increases the risk of 
AD, opening the door to designer treatment strategies for the full scope of post-
traumatic injuries.
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of an apoE4 allele is linked to poor recovery from extended coma. Professional 
boxers containing the apoE ε4 allele were at increased risk of CTE compared to 
boxers without the apoE ε4 allele [102]. This finding suggests that genetic factors 
may strongly influence the risk of CTE after brain injury. However, the possibil-
ity remains that certain boxers may be innately ‘resistant’ to developing AD or 
dementia following CTE; definitely, not all boxers go on to develop AD, despite 
repetitive injury and having the higher risk genotype. Consistent with a role of 
ApoE protein in amyloid deposition in humans, apoE4 also increases amyloid 
plaque formation in mice. Aβ deposition is also significantly increased follow-
ing head trauma in PDAPP (platelet-derived growth factor promoter expressing 
amyloid precursor protein) mice carrying the human apoE ε4 allele versus those 
carrying apoE ε3 or no apoE (Table 2) [103]. Finally, transgenic APOE ε4 mice, 
which also overexpress APP, show accelerated deposition of Aβ following injury, 
suggesting apoE ε4 may reduce the clearance of Aβ, thereby favoring its deposi-
tion [100] (Table 2). Some recent reports are controversial clinical and preclinical 
studies about the link between poor outcome after severe and mild TBI and the 
APOE4 gene [11, 16, 30, 104, 105].

6. Similarities and differences in the neuropathology of TBI and AD

The similarities and differences in the neuropathology associated to TBI and AD 
are complex. Aβ formation and aggregation, tau phosphorylation, including other 
proteins found in the brain and CSF following TBI, share a lot of similarities with 
AD, but also several evident differences. Principally, the localization and distribu-
tion of proteins in TBI patients are fundamentally distinct from the characteristic 
pattern commonly observed in AD [13]. However, one strong similarity between TBI 
and AD is in the Aβ plaque formation; both are primarily composed of Aβ 41–42, 
furthermore, CSF levels of Aβ are increased similarly for both [106]. However, in 
AD there are numerous, compact, core Aβ aggregates in addition to neurofibril-
lary tangles and neuropil threads, this in contrast to TBI where there appears to be 
a higher prevalence of diffuse Aβ plaques [34, 36]. Notably, Aβ plaques in TBI are 
typically described as diffuse and do not display the histochemical or morphologi-
cal features of the senile plaques that are characteristic of AD [35]. Aβ toxicity only 
emerges when levels exceed a certain threshold, and unaggregated oligomeric forms 
of Aβ may contribute to toxicity. As such, rapid aggregation of Aβ into plaques may 
be a protective event following TBI [73]. In CTE, the tau inclusions are morphologi-
cally most similar to those found in AD, with pyramidal neurons maintaining their 
shape, and tangles consisting of hyperphosphorylated and ubiquitinated tau [84]. 
This phospho-tau staining was also observed in axons and clusters of neuronal cell 
bodies in the cerebral cortex and hippocampus (Figure 2G and H). Such studies 
have also noted the existence of tau-positive reactive astrocytes in AD, a pathology 
that is not usually associated with AD. Finally, the tau immunoreactive profile of 
CTE is characteristically very patchy and irregular, with preferential deposition in 
the superficial neocortical layers, while tangles in AD are found in deep and in super-
ficial layers [33]. In summary, while there are certain important differences between 
mild, moderate, and severe TBI and dementia or AD, given the significant overlap 
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in neuropathology, there is still much that can be gleaned by closely comparing the 
molecular and cellular mechanisms involved in both of these neuropathological 
processes.

7. Conclusions

The association between trauma and the onset of neurodegenerative diseases, 
such as AD, is extremely convoluted, further complicated by the absence of 
appropriate animal models able to reproduce human pathologies. Elucidation of 
this nature of this link remains in its infancy, requiring extensive further research 
to chip away at the underlying relationship. Moreover, quantification of the rela-
tive contributions of various risk factors for developing these pathologies, such 
as cellular and molecular mechanisms, frequency and severity of the injury, age, 
sex, and potential genetic predisposition, remain mostly imprecise. Although we 
do not know how TBI fundamentally impacts the long-term outcome and affects 
the risk of dementia, it remains clear that amyloid pathways play an important 
role in secondary injury and acute cell death after trauma. Continued efforts to 
investigate why TBI, and repeat concussions, may lead to AD and other associ-
ated dementias are required. Further understanding of the molecular mechanism 
underlying these events is required, achievable via better designed animal models 
able to more closely and accurately mimic the observed behavioral and patho-
logical changes. Only then will we be well equipped to precisely evaluate novel 
therapeutic agents that may intervene in the disease process. Future research will 
be required to uncover the mechanisms through which TBI increases the risk of 
AD, opening the door to designer treatment strategies for the full scope of post-
traumatic injuries.
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Abstract

Amyloid fibrils are misfolded proteins, which are often associated with vari-
ous neurodegenerative diseases such as Alzheimer’s. The amount of hydrogen 
sulfide (H2S) is known to be reduced in the brain tissue of people diagnosed 
with Alzheimer’s disease relative to that of healthy individuals. Hen Egg-White 
Lysozyme (HEWL) forms typical β-sheet-rich fibrils during 70 minutes at low 
pH and high temperatures. These results are consistent with the ThT findings 
that β-sheets structure is also present in myoglobin (Mb), and hemoglobin (Hb) 
in the presence of 45% TFE. The addition of H2S in the process completely inhib-
its the formation of amyloid fibrils in HEWL, Mb, and Hb as revealed by several 
spectroscopic techniques. Non-resonance Raman bands corresponding to disul-
fide (RSSR) vibrational modes in the 550-500 cm-1 spectral range decreases in 
intensity and is accompanied by the appearance of a new 490 cm-1 band assigned 
to the trisulfide group (RSSSR). Intrinsic tryptophan fluorescence shows a partial 
denaturation of HEWL containing trisulfide bonds. Overall, the Mb and Hb 
result ties excellent with the HEWL data showing that the presence of H2S during 
these proteins fibrillation processes protects the α-helical protein structures, 
preventing the formation of amyloids in these different proteins moieties.

Keywords: hydrogen sulfide, amyloid fibril, protein aggregates, lysozyme, 
myoglobin, hemoglobin, Raman spectroscopy, ultraviolet Raman spectroscopy, 
unordered protein, disulfide, trisulfide
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1. Introduction

Amyloids are large aggregates of misfolded proteins with a highly stable cross 
β-structure, which are associated with a variety of degenerative illnesses such as 
Alzheimer’s, Parkinson’s, and Huntington’s diseases [1–3]. Proteins with different 
functionalities and native structures ranging from α-helical and β-sheet rich to 
intrinsically unordered are able to form amyloid fibrils in vitro with a characteristic 
cross-β core structure [4–6]. This observation leads to the conclusion that protein 
fibrillation is a generic property of a polypeptide chain. There are numerous 
research reports demonstrating that a general fibrillation mechanism involves 
a partially unfolded protein as the first intermediate state [7, 8]. Steps to follow 
include the formation of small aggregates and a β-sheet rich nucleus, which gener-
ates further protein aggregation and the formation of mature fibrils.

A reduced amount of hydrogen sulfide (H2S) in the brain tissue of patients with 
Alzheimer’s disease has been recently reported [9]. For centuries, people have been 
interested in H2S for its role as a poisonous chemical. At high concentrations, H2S 
inhibits cytochrome c and, as a consequence, the electron transport chain [10]. It also 
binds to hemoglobin forming a sulfhemoglobin complex as detected during sulfhemo-
globinemia [11]. More recently, it has been demonstrated that H2S has gasotransmitter 
functions, similar to CO and NO [12]. For example, a suspended animation-like state in 
mice has been achieved by administering ppm-levels of H2S at low temperatures. The 
metabolic rate and body core temperature decrease and fully recover after such expo-
sure, a promising medical benefit that reduces physiological damage after trauma [13]. 
In the last two decades, significant attention has been paid to understand the physiologi-
cal role of H2S and its endogenous production. H2S is biosynthesized in mammalian 
tissue by non-enzymatic reactions and by the enzymatic degradation of cysteine by 
cystathionine β synthase (CBS), cystathionine γ lyase (CSE), cysteine aminotransferase 
(CAT), and cysteine lyase (CL) [14]. Consumption of garlic induces non-enzymatic H2S 
production [15]. Moreover, aged garlic extract has been shown to cause a reduction of in 
vivo Aβ fibrils and soluble amyloid, as well as a decrease in tau conformational changes 
[16]. This indirect evidence concerning the role of H2S in neurodegenerative diseases 
has motivated us to investigate the effects of H2S on the formation of amyloid fibrils.

Small molecules can have a significant effect on the formation of amyloid fibrils. 
There is extensive literature on the inhibitory activity of various small molecules on 
protein fibrillation [17]. Recently, Arosio and coauthors have reviewed the develop-
ment of amyloid inhibitors, such as antibodies and chaperones, small molecules (e.g., 
Congo red and polyphenols), colloidal inhibitors and organic/inorganic nanoparti-
cles, as possible participants in the various states of protein aggregation [17–19]. These 
states include the inhibition of primary nucleation (monomer-to-oligomer transi-
tion), secondary nucleation (oligomer elongation), and postelongation. However, we 
have not found any published reports on the role of H2S in protein aggregation.

It is well documented that H2S reacts with disulfide bonds, leading one to hypoth-
esize that this reaction could have a significant effect on the mechanism of protein 
fibrillation. Kumar and co-workers have reported that protecting disulfide bridges 
with iodoacetamide in an alkaline solution limits the lysozyme fibril growth to 50% 
[20]. This group has concluded that changing the dynamics of disulfide to aber-
rant disulfide bonds would redirect the process toward the formation of native-like 
lysozyme aggregates [20]. It has been reported that treating antibodies with H2S has 
resulted in SS bond modifications, including the formation of trisulfide bonds (SSS) 
[21]. Surprisingly, no changes in antibody stability and function have been observed. 
H2S can be incorporated as a sulfane sulfur, a divalent sulfur with six valence electrons, 
and an oxidation number of zero (S0) that only binds to other sulfur atoms to form 
polysulfides [22]. Several research groups have also reported that the sulfur atom of 
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H2S can be endogenously incorporated into a large amount of proteins by sulfuration, 
also known as sulfhydration of cysteines. This leads to the formation of protein persul-
fides (SSH), which could play an intermediary role in protein SSS formation [23].

Here, we have investigated the effect of H2S on the aggregation of lysozyme, a 
glycoside hydroxylase responsible for antimicrobial protection in most mammalian 
species. HEWL is a single chain protein stabilized by four SS bonds in positions 
cys6-cys127, cys30-cys115, cys64-cys80, and cys76-cys94 [24]. It was found that 
H2S inhibits the formation of HEWL fibrils. The effect of H2S has been investigated 
under typical fibrillation conditions such as high temperature and acidic pH using 
DUVRR and non-resonance Raman spectroscopy, fluorescence, and atomic force 
microscopy (AFM). We have shown that in the presence of H2S, HEWL forms spher-
ical aggregates of unordered protein under fibrillation conditions. Cytotoxicity tests 
reveal that these spherical aggregates have no cell toxicity by contrast with typical 
HEWL fibrils. Our spectroscopic results, buttressed by data that has been published, 
indicate that H2S reacts with protein disulfide bonds to form trisulfide bridges. This 
reaction results in significant lysozyme denaturation and the formation of spherical 
aggregates of unordered proteins, which prevent protein fibrillation.

However, because myoglobin (Mb) and hemoglobin (Hb) do not have any cys-
teine chemical bond, we pursued the effect of H2S on the fibril formation of these 
vital hemeproteins. Mb and Hb are the most studied hemeproteins, because of their 
biological significance of oxygen binding. The role of Mb and Hb in the body is so 
important that the minimal unbalance of normal physiology can lead to toxicity 
and to cascade of reactions generating harmful products. For example, free radical 
formation in these hemeproteins unavoidably leads to oxidative damage of the heme 
and amino acids [25]. Also in certain circumstances, Mb and Hb isolated from their 
cellular environment may crosslink leading to kidney dysfunction, rhabdomyolysis, 
coma, and subarachnoid brain hemorrhage [26]. Other maladies include heme loss 
(hemophilia, hemolytic anemia), hemoglobinopathies (thalassemia [α and β], met-
hemoglobinemia, posttranslational alterations), cardiovascular, and renal diseases 
[27–31]. Likewise, hemoglobin can protagonist sickle cell anemia where a mutation 
at the β6 position of Hb (β6Glu → Val) results in the polymerization of deoxy-
sickle cell Hb (HbS) and subsequent aggregation into long fibers with amyloid-like 
structures [32, 33]. Regarding this, it has been shown that Hb under physiologi-
cal conditions and in the presence of 45% 2,2,2-trifluoethanol (TFE) produces 
amyloid-like fibril structures. This observation was supported by ThT fluorescence, 
CD, and FTIR suggesting that Hb β-sheet conformation leads to Hb fibril forma-
tion [28]. The mechanism surrounding these fibril events remain almost unknown. 
Interestingly, our results also show that H2S inhibits the fibril formation in both 
myoglobin and hemoglobin under physiological conditions and 45% TFE concen-
tration and that increasing concentration of H2S inhibits β-sheet formation and 
predominates the α-helix structure. The findings demonstrate the same H2S effect 
on to the fibrillation of Mb monomer and Hb tetramer. Overall, it is very interesting 
that hydrogen sulfide is able to avoid the formation of fibril derivative in lysozyme 
and myoglobin and hemoglobin being their structures completely different.

2. Materials and methodology

The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO, 
USA): 99.7% acetic acid (695092), sodium chloride (NaCl) (S771-3), HEWL 
(L6876), hemoglobin bovine (H2500), myoglobin from horse skeletal muscle 
(M0630), 2,2,2-trifluoroethanol 99% (T63002), potassium chloride (P3911), potas-
sium phosphate monobasic (P5655) and potassium phosphate dibasic (1551128), 
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2. Materials and methodology

The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO, 
USA): 99.7% acetic acid (695092), sodium chloride (NaCl) (S771-3), HEWL 
(L6876), hemoglobin bovine (H2500), myoglobin from horse skeletal muscle 
(M0630), 2,2,2-trifluoroethanol 99% (T63002), potassium chloride (P3911), potas-
sium phosphate monobasic (P5655) and potassium phosphate dibasic (1551128), 
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sodium sulfide nonahydrate salt (208043), dipropyl disulfide (149225), and trisul-
fide (6028-61-1).

2.1 HEWL solution preparation

Lysozyme was dissolved (25 mg/mL) in 20% acetic acid and 100 mM NaCl at 
pH 2.0 and incubated at 60°C to form fibrils under initial (control) conditions. To 
study the effect of H2S, sodium sulfide nonahydrate salt (12 mM) was added to the 
control solution in a molar ratio of 1:5 (HEWL:H2S), prior to the temperature elevation.

2.2 Myoglobin and hemoglobin fibril preparation

Myoglobin and hemoglobin were dissolved (15 and 20 mg/mL, respectively) 
in 20 mM phosphate buffer at pH 7.4; samples of Mb and Hb solutions were mixed 
with 45% of 2,2,2-trifluoroethanol and incubated at 37°C for 24 hours to form the 
fibrils (control conditions). Another batch of samples was prepared with sodium 
sulfide nonahydrate salt (60–300 μM, 12 mM) under the same control conditions, 
to evaluate H2S effect [28, 34].

2.3 Non-resonance Raman experiments

Powder samples of native and aggregated HEWL were prepared by drying the 
solutions under nitrogen at room temperature, which removed the acetic acid. Raman 
spectra (785-nm excitation) of HEWL powder samples and pure dipropyl di- and 
trisulfide liquids were recorded using a Renishaw inVia confocal Raman spectrom-
eter equipped with a research grade Leica microscope and 50× objective (numerical 
aperture, 0.55). Five accumulations of 30 s each were collected for each sample in 
the range of 400–1800 cm−1. Wire 4.0 software was used for data collection. A laser 
power of approximately 11.5 mW was used to avoid sample photo-degradation.

2.4 TCEP test for trisulfides

A reaction with tris(2-carboxyethyl)phosphine (TCEP) reducing agent was 
used as a test for trisulfides [35]. Hen egg white lysozyme (HEWL) in native and 
aggregated form was incubated at pH 2.0 and room temperature for 90 minutes in 
the presence of TCEP. The reaction products were analyzed using normal Raman 
spectroscopy. Powder samples of HEWL-aggregates incubated at different concen-
trations of TCEP were prepared for non-resonance Raman spectroscopic analysis by 
drying the corresponding solutions under a nitrogen flow.

2.5 Deep UV resonance Raman spectroscopy (DUVRR)

DUVRR spectra (199.7 nm excitation) of 25 mg/mL HEWL were collected using 
a home built instrument equipped with a CCD camera (Roper Scientific, Inc.) 
cooled in liquid nitrogen [36]. A spinning quartz NMR tube with a magnetic stirrer 
was used for sampling. Each spectrum recorded an average of 20 accumulations 
with 30 s acquisition time. GRAMS/AI 7.0 software (Thermo Galactic, Salem, NH) 
was used for data processing.

2.6 Tryptophan and ThT fluorescence

Fluorescence spectra were measured in a JobinYvon Fluoromax-3 spectro-
fluorometer (JobinYvon, Edison, NJ). Intrinsic tryptophan fluorescence of  
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25 mg/mL HEWL was measured in a 10-μm path length cell without dilutions. The 
UV absorption was <0.05 at an excitation wavelength of 295.5 nm. The excitation 
and emission slits were 0.5 and 5 nm, respectively. Three spectral accumula-
tions were taken, and the spectra were averaged for each sample. HEWL fibrils 
formed after 90 minutes of incubation were also characterized using intrinsic 
tryptophan fluorescence. Fibrils were washed in acetic acid solution twice in a 
procedure which included sonication for 10 minutes, centrifugation for 4 minutes 
at 13,000 rpm, the removal of supernatant liquid and re-suspension in an acetic 
acid solution. Fluorescence dye thioflavin T (ThT) is one of the most used probes 
for identification and analysis in the formation of amyloid fibrils both in vivo 
and in vitro. Once ThT binds to β-sheet-rich amyloid fibril structures, there is a 
characteristic blue shift in the emission spectrum from 510 to 480 nm [37–39]. In 
the ThT fluorescence assay, aliquots of 25 mg/mL HEWL were diluted in a molar 
ratio of 1:10 (HEWL:thioflavin T (ThT) dye) to a final concentration of 2.5 mM 
ThT. The excitation and emission wavelengths were 450 and 480 nm, respectively. 
The excitation and emission slits were 5 nm. Three recorded spectra were averaged 
for each measurement. ThT fluorescence intensity of Mb and Hb was monitored 
during fibrillation experiment: λex = 440 nm and λem = 480 nm. The final protein 
sample and ThT concentration were 10 and 10 μM, respectively [28]. Fluorescence 
was measured using Biotek Synergy 4 (multi-mode microplate reader) with a 96 
well-plate in a continuous acquisition (kinetics mode), every 5 minutes for 20 hours 
with gently orbital shake. We examined the time-dependence of Mb and Hb 
amyloid-like structures by monitoring thioflavin T fluorescence (480 nm) enhance-
ment under a pH = 7.4 and T = 37°.

2.7 Circular dichroism spectroscopy

Far-UV circular dichroism (CD) measurements of Hb and Mb samples were 
performed on a Jasco-815 spectropolarimeter. Each spectrum was the average of six 
scans. Three replicates for each time point of the kinetic experiment were analyzed. 
Spectra were acquired at 0.5-nm intervals with a 4-s integration time and a  
bandwidth of 1.0 nm. Mb and Hb were analyzed at a final concentration of  
0.5 mg/mL. All measurements were performed under nitrogen flow. The results 
were expressed as the mean residue ellipticity. Data were corrected for buffer 
contributions [28, 40, 41].

2.8 Atomic force microscope

Aliquots of HEWL incubated at 60°C, pH 2.0, 100 mM NaCl were cooled to 
room temperature and deposited on freshly cleaved mica. After a few minutes 
of exposure, the mica surface was rinsed with MQ water and dried. AFM images 
were collected using the SmartSPM 1000 system (AIST-NT, Novato, CA). Images 
were acquired in the tapping mode using silicon cantilevers with a 10–25 nm tip 
curvature radius.

3. Results

3.1 Aggregation and structural rearrangements of lysozyme

To form fibrils, HEWL was incubated at 60°C in 20% acetic acid (pH 2.0) and 
100 mM NaCl, from here on referred to as control conditions. The morphology of 
lysozyme aggregates formed in the course of incubation under the fibrillogenic 
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conditions and in the presence of H2S was characterized by AFM. The presence 
of typical long rode-like fibrils was evident after 90 minutes of incubation under 
control conditions (Figure 1A). However, incubation of HEWL in the presence of 
H2S resulted in the formation of spherical aggregates instead of fibrils, as evident 
from AFM images (Figure 1B).

ThT fluorescence is used often to monitor the formation of amyloid fibrils. 
ThT fluorescence intensity increased dramatically after 70 minutes of incubation 
of lysozyme under control conditions, indicating the formation of amyloid fibrils 
(Figure 1C). However, no increase in ThT fluorescence intensity was observed for 
the HEWL solution incubated with H2S within 48 hours. We investigated changes 
in the lysozyme secondary structure during incubation with and without H2S using 
deep UV resonance Raman (DUVRR) spectroscopy. DUVRR has been used to study 
structural rearrangements of HEWL at all stages of fibrillation [36, 45, 46]. The 
DUVRR spectrum of HEWL excited at 199.7 nm was mainly composed of the amide 
chromosphere and the aromatic amino acid (Phe and Tyr) contributions [47]. A 
noticeable increase in the intensity and sharpness of the Am I band (approximately 
1672 cm−1) indicated the appearance of β-sheets due to the formation of fibrils  
[36, 48–50]. The DUVRR spectrum of fibrillated lysozyme under control conditions 
confirmed the formation of β-sheets. The spectrum of HEWL after 30 minutes of 
incubation under control conditions (Figure 1D, red) is similar to that reported 
previously for HEWL fibrils [36]. However, the DUVRR spectrum of lysozyme 

Figure 1. 
Lysozyme forms β-sheet-rich fibrils under fibrillogenic control conditions and spherical aggregates of unordered 
protein under fibrillogenic conditions with H2S incubation. AFM images of (A) HEWL fibrils formed after 
incubation of the control solution for 90 minutes and (B) HEWL aggregates formed after incubation of the 
solution in the presence of H2S for 48 hours; scale bars are 1 μm. (C) Aggregation kinetics (ThT fluorescence) 
of HEWL incubated under control conditions (red) and in the presence of H2S (black). (D) DUVRR spectra of 
native HEWL (blue), HEWL fibrils (red), and HEWL spherical aggregates (black) formed in the presence of 
H2S; all spectra were normalized using the aromatic amino acid Raman band (approximately 1600 cm−1) for 
comparison. The amide I vibrational mode (Am I) is dominated by C〓O stretching, with minor contributions 
from C▬N stretching and N▬H bending [42]. Amide II (Am II) and amide III (Am III) bands involve 
significant C▬N stretching, N▬H bending, and C▬C stretching [43]. The Cα▬H bending vibrational mode 
involves Cα▬H symmetric bending and C▬Cα stretching [44].
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incubated in the presence of H2S confirmed the lack of β-sheet formation. In this 
case, the Am I band (approximately 1670 cm−1) did not show a significant intensity 
change (Figure 1D, black). Instead, the Am I band shifted slightly to a higher fre-
quency, signifying the formation of an unordered protein [36, 42]. This was further 
supported by the increase in Cα▬H band intensity at 1390 cm−1 that was indicative 
of α-helix melting [51]. A significant change in Raman bands for Am III (approxi-
mately 1250 cm−1) and Am II (approximately 1555 cm−1) was consistent with the 
transition of α-helix to unordered protein. Therefore, AFM, ThT fluorescence, and 
DUVRR spectroscopy indicated the formation of unordered spherical aggregates of 
HEWL by contrast with β-sheet-rich fibrils in the presence of H2S.

3.2  Intrinsic tryptophan fluorescence marker of the tertiary structural 
rearrangement

Tryptophan (Trp) fluorescence is an efficient intrinsic marker of local environ-
ments, which is often used for monitoring tertiary structural changes in proteins 
[47]. Native lysozyme at neutral pH shows a maximum Trp emission at 340 nm [52]. 
At pH 2.0 (20% acetic acid), the Trp fluorescence peak shifts to 345 nm, indicating 
a partial denaturation of lysozyme. A further minor shift to 347 nm due to HEWL 
fibril formation under control conditions was observed (Figure 2B and C). To 
confirm that the intrinsic Trp fluorescence is dominated by the signal from HEWL 
fibrils, the solutions (after incubation for 40 and 90 minutes) were sonicated,  
centrifuged, and re-suspended in 20% acetic acid to remove possible monomeric 
and oligomeric forms of the protein (Figure 2B). A significant shift of the Trp 
emission maximum, from 345 to 357 nm, was observed after 90 minutes of lyso-
zyme incubation in the presence of H2S (Figure 2A and C), with no further changes 
for at least 48 hours. This significant red shift is consistent with the previously 
reported maximum emission at 352 nm for fully denatured lysozyme in 6 M guani-
dinium-HCl at pH 7.0 [53]. Therefore, we conclude that incubation of lysozyme in 
the presence of H2S results in a stronger denaturation than that which occurs during 
control fibrillation conditions.

3.3 Rearrangement of disulfide bonds

Non-resonance Raman spectroscopy of proteins offers a unique opportunity 
for characterizing the conformation of disulfide bridges [49]. The SS symmetric 
stretching vibrational mode is typically represented as a strong Raman band in 
the range of 505–550 cm−1 [49, 54]. The Raman spectrum of HEWL was found to 
change significantly in the SS signature region with incubation time (Figure 3A). 
A strong 507 cm−1 peak in the Raman spectrum of native HEWL represents the 
gauche-gauche-gauche (g-g-g) configuration of three SS bonds, and a small 
523 cm−1 peak can be attributed to the gauche-gauche-trans (g-g-t) configura-
tion of the fourth SS bond of lysozyme [49, 55]. The amplitudes of these peaks 
decreased, and a new peak appeared at 490 cm−1 as a result of HEWL incubation 
in the presence of 12 mM H2S, indicating significant rearrangements of SS bonds 
(Figure 3A). The concentration of 12 mM H2S corresponded to a 5:1 (H2S:HEWL) 
molar ratio, chosen so that a sufficient number of H2S molecules could react with 
all four lysozyme SS bonds assuming a 1:1 stoichiometric ratio. We are currently 
investigating the effect of H2S concentrations. The 1003 cm−1 peak corresponding 
to phenylalanine was used to normalize Raman spectra in Figure 3A (region not 
shown). Figure 3C shows synchronous kinetic change in the area of the 507 and 
490 cm−1 bands with incubation time up to 90 minutes [56]. No further changes 
were observed during 48 hours of additional incubation in the presence of H2S 
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fibrils, the solutions (after incubation for 40 and 90 minutes) were sonicated,  
centrifuged, and re-suspended in 20% acetic acid to remove possible monomeric 
and oligomeric forms of the protein (Figure 2B). A significant shift of the Trp 
emission maximum, from 345 to 357 nm, was observed after 90 minutes of lyso-
zyme incubation in the presence of H2S (Figure 2A and C), with no further changes 
for at least 48 hours. This significant red shift is consistent with the previously 
reported maximum emission at 352 nm for fully denatured lysozyme in 6 M guani-
dinium-HCl at pH 7.0 [53]. Therefore, we conclude that incubation of lysozyme in 
the presence of H2S results in a stronger denaturation than that which occurs during 
control fibrillation conditions.

3.3 Rearrangement of disulfide bonds

Non-resonance Raman spectroscopy of proteins offers a unique opportunity 
for characterizing the conformation of disulfide bridges [49]. The SS symmetric 
stretching vibrational mode is typically represented as a strong Raman band in 
the range of 505–550 cm−1 [49, 54]. The Raman spectrum of HEWL was found to 
change significantly in the SS signature region with incubation time (Figure 3A). 
A strong 507 cm−1 peak in the Raman spectrum of native HEWL represents the 
gauche-gauche-gauche (g-g-g) configuration of three SS bonds, and a small 
523 cm−1 peak can be attributed to the gauche-gauche-trans (g-g-t) configura-
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(data not shown). As discussed in detail below, dipropyl-trisulfide (DPTS) Raman 
spectrum contains a 485 cm−1 band (Figure 3D) characteristic to the trisulfide 
moiety that motivated us to investigate the possibility of assigning 490 cm−1 band 
in HEWL aggregate Raman spectrum to the SSS group. The non-resonance Raman 
spectroscopy of HEWL fibrillation under control conditions indicate that the 
507 cm−1 peak does not change significantly during fibril formation (Figure 3B). 
Therefore, in the absence of H2S, HEWL SS bands remain intact and the g-g-g 
conformation dominates, in agreement with our previous report [57].

3.4 Reduction of trisulfide bridges by TCEP

To test the hypothesis about the formation of trisulfide groups, we investigated 
the reaction of HEWL aggregates with TCEP reduction agent by normal Raman 
spectroscopy. TCEP reaction with SS groups is well known to result in oxidation of 
TCEP and formation of TCEP(O) and R-SH groups [58]. More recently, Cumnock 
et al. reported that TCEP reacted preferentially with SSS moieties in the presence 
of SS bridges until the majority of SSS groups were consumed according to Eqs. (1) 
and (2) [35]. SS bridges and thiophosphine TCEP(S) species are main products of 
TCEP-SSS reaction [35]. Figure 4 shows Raman spectra of HEWL aggregates after 
incubation with different concentrations of TCEP (0.5, 1, 2.5, and 10 mM). The 
amount of aggregated HEWL molecules in these samples was kept about 3.0 mM.

Figure 2. 
Time dependent Trp fluorescence changes of lysozyme (A) incubated in the presence of H2S for 0 minutes 
(dashes ---), 10 minutes (dots …), 90 minutes (long dashes ---), 48 hours (solid line ___); (B) incubated with 
control solution for 0 minutes (solid line ___), 40 minutes (long dashes ---), and 90 minutes (dots …); (C) 
Trp maximum emission wavelength of HEWL incubated with H2S (A circles) and fibrillation under control 
conditions (B squares).
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  TCEP + R − SSS − R  TCEP (S)  + R − SS − R  (1)

  TCEP + R − SS − R  TCEP (O)  + 2 R − SH  (2)

The Raman spectrum of HEWL aggregates was found to change significantly in 
the SSS/SS vibrational signature region with the addition of TCEP (Figure 4A). The 
SSS band at 490 cm−1 decreases after 0.5 mM TCEP addition that is in a good agree-
ment with predominant reaction of TCEP with SSS groups. The amplitudes of both 
490 and 507 cm−1 bands (SSS and SS, respectively) decreased as a result of HEWL 
incubation in the presence of higher concentration of TCEP (1–10 mM) indicating 
significant reduction of SS and SSS groups and formation of R-SH moiety in agree-
ment with an increase in 2575 cm−1 band intensity (Figure 4B).

Figure 3. 
Evolution of lysozyme disulfide bonds in the presence of H2S probed by normal Raman spectroscopy. Raman 
spectra of HEWL incubated (A) in the presence of H2S and (B) under control conditions, where 507 and 
523 cm−1 bands correspond to g-g-g and g-g-t SS configurations, respectively. Synchronous kinetic change in the 
area of the 507 and 490 cm−1 bands is assigned to the newly formed RSSSR group. (C) The kinetics of RSSSR 
formation (490 cm−1) and the decrease in the amount of RSSR (507 cm−1) during the incubation of HEWL in 
the presence of H2S. (D) The difference spectrum between normal Raman spectra of HEWL aggregated in the 
presence of H2S acquired at 90- and 0-minute incubation [shown in (A), gray solid line]. The latter spectrum 
is represented by the expected spectral change demonstrating the disulfide-to-trisulfide transition symbolized 
by the inverted Raman spectrum of dipropyl disulfide (black dots and dash, -.-.-) and dipropyl trisulfide 
(red dots, …).
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(data not shown). As discussed in detail below, dipropyl-trisulfide (DPTS) Raman 
spectrum contains a 485 cm−1 band (Figure 3D) characteristic to the trisulfide 
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in HEWL aggregate Raman spectrum to the SSS group. The non-resonance Raman 
spectroscopy of HEWL fibrillation under control conditions indicate that the 
507 cm−1 peak does not change significantly during fibril formation (Figure 3B). 
Therefore, in the absence of H2S, HEWL SS bands remain intact and the g-g-g 
conformation dominates, in agreement with our previous report [57].
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To test the hypothesis about the formation of trisulfide groups, we investigated 
the reaction of HEWL aggregates with TCEP reduction agent by normal Raman 
spectroscopy. TCEP reaction with SS groups is well known to result in oxidation of 
TCEP and formation of TCEP(O) and R-SH groups [58]. More recently, Cumnock 
et al. reported that TCEP reacted preferentially with SSS moieties in the presence 
of SS bridges until the majority of SSS groups were consumed according to Eqs. (1) 
and (2) [35]. SS bridges and thiophosphine TCEP(S) species are main products of 
TCEP-SSS reaction [35]. Figure 4 shows Raman spectra of HEWL aggregates after 
incubation with different concentrations of TCEP (0.5, 1, 2.5, and 10 mM). The 
amount of aggregated HEWL molecules in these samples was kept about 3.0 mM.

Figure 2. 
Time dependent Trp fluorescence changes of lysozyme (A) incubated in the presence of H2S for 0 minutes 
(dashes ---), 10 minutes (dots …), 90 minutes (long dashes ---), 48 hours (solid line ___); (B) incubated with 
control solution for 0 minutes (solid line ___), 40 minutes (long dashes ---), and 90 minutes (dots …); (C) 
Trp maximum emission wavelength of HEWL incubated with H2S (A circles) and fibrillation under control 
conditions (B squares).

165

Inhibition of Protein Fibrillation by Hydrogen Sulfide
DOI: http://dx.doi.org/10.5772/intechopen.86221

  TCEP + R − SSS − R  TCEP (S)  + R − SS − R  (1)

  TCEP + R − SS − R  TCEP (O)  + 2 R − SH  (2)
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SSS band at 490 cm−1 decreases after 0.5 mM TCEP addition that is in a good agree-
ment with predominant reaction of TCEP with SSS groups. The amplitudes of both 
490 and 507 cm−1 bands (SSS and SS, respectively) decreased as a result of HEWL 
incubation in the presence of higher concentration of TCEP (1–10 mM) indicating 
significant reduction of SS and SSS groups and formation of R-SH moiety in agree-
ment with an increase in 2575 cm−1 band intensity (Figure 4B).
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3.5 Hydrogen sulfide inhibition of myoglobin and hemoglobin fibril formation

Figures 5A and 6A demonstrate the formation of myoglobin and hemoglobin 
fibrils and its inhibition by hydrogen sulfide, respectively. The ThT fluorescence 
intensity associated to Mb and Hb amyloid fibrils (black) shows an initial lag 
process followed by a drastic increase as function of time. ThT fluorescence inten-
sity is descriptive of prefibrillar oligomer intermediate species associated to the lag 
phase, while the positive slope is representative of fibrils with differing sizes and 
structures. Thus, the interaction of ThT with amyloid fibrils is highly specific, but 
neither amorphous aggregates nor soluble proteins in folded, unfolded, or partially 
folded states enhance ThT fluorescence [37–39]. Therefore, the data clearly show 
the existence of the myoglobin and hemoglobin amyloid fibril formation under 
the control condition of 2,2,2-trifluoroethanol (45%) and incubated at 37°C for 

Figure 5. 
Myoglobin fibrils and their inhibition by hydrogen sulfide. (A) Kinetics of myoglobin amyloid formation 
(black) and inhibition of Mb fibril formation (blue) in the presence of H2S. (B) Far UV CD spectra of native 
Mb with a characteristic alpha-helical structure, Mb fibrils exhibiting beta-sheet structure, and Mb structures 
formed under the same condition of fibril formation, but in the presence of various H2S (blue).

Figure 4. 
Normal Raman spectra of HEWL aggregates in the presence of reducing agent TCEP with concentration 0 mM 
(solid line), 0.5 mM (dotted line), 1 mM (short dashed line), 2.5 mM (dashed line), and 10 mM (dashed dotted 
line). Selected spectral regions with characteristic Raman bands of disulfide and trisulfide moieties (A) as well 
as sulfhydryl (▬ SH) group (B) are shown. Phenylalanine Raman band at 1003 cm−1 was used to normalize 
the spectra (spectral region not shown).
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24 hours. There is a slightly difference between Mb and Hb lag phase leading to 
amyloid formation. However, when hydrogen sulfide is added under the control 
condition to Mb or Hb to generate fibrils, Figures 5 and 6, there is not an increase 
of ThT fluorescence (blue lines) for the duration of the experiment, independent of 
the lag phase difference between these hemeproteins. Therefore, the results demon-
strate that under the experimental conditions, Mb and Hb fibrils are not observed 
in the presence of hydrogen sulfide. Curiously, a similar result was reported [34] for 
hen egg white lysozyme (HEWL), where the addition of H2S in the fibril process 
completely inhibits the formation of β-sheet of amyloid fibrils.

Furthermore, Figures 5B and 6B also show CD the spectra of native Mb and 
Hb with clear minima at 208 and 222 nm characteristic for α-helix conformation of 
protein (red line). These negative peaks at 208 and 222 nm result from n → π* tran-
sition in the peptide bond of α-helical conformation [40, 41, 59, 60]. The presented 
results also indicate that both Mb and Hb form beta-sheet structures with a charac-
teristic negative band near 218 nm and the positive band at 195 nm in CD spectra, 
which could be attributed to amyloid fibrils, in the presence of 45% of 2,2,2-trifluo-
roethanol (TFE) (black line). The data also collaborate analogous results indicating 
the formation of hemoglobin fibrils [28, 40, 41, 59, 60]. Nevertheless, when hydro-
gen sulfide is added, the CD spectra of both myoglobin and hemoglobin show 208 
and 222 nm negative peaks typical for alpha-helical proteins (blue lines), suggesting 
the inhibition of fibrils by H2S.

4. Discussion

4.1 Evaluation of lysozyme secondary and tertiary structure

Lysozyme fibril formation has been extensively studied and characterized 
[36, 45, 61]. The most common methods used for studying the fibrillation process 
include AFM, ThT, and Trp fluorescence. DUVRR spectroscopy has been shown 
to be uniquely suitable for the structural characterization of proteins at all stages 
of the fibrillation process [51]. We utilized these complementary methods for 

Figure 6. 
Hemoglobin fibrils and their inhibition by hydrogen sulfide. (A) Kinetics of thioflavin T with hemoglobin 
amyloid formation (black) and in the presence of H2S (blue). (B) Far-UV CD studies of native hemoglobin 
(red); hemoglobin fibrils inhibition in the presence of various concentrations of H2S (blues) and 
hemoglobin fibrils (black).
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sity is descriptive of prefibrillar oligomer intermediate species associated to the lag 
phase, while the positive slope is representative of fibrils with differing sizes and 
structures. Thus, the interaction of ThT with amyloid fibrils is highly specific, but 
neither amorphous aggregates nor soluble proteins in folded, unfolded, or partially 
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the existence of the myoglobin and hemoglobin amyloid fibril formation under 
the control condition of 2,2,2-trifluoroethanol (45%) and incubated at 37°C for 
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Myoglobin fibrils and their inhibition by hydrogen sulfide. (A) Kinetics of myoglobin amyloid formation 
(black) and inhibition of Mb fibril formation (blue) in the presence of H2S. (B) Far UV CD spectra of native 
Mb with a characteristic alpha-helical structure, Mb fibrils exhibiting beta-sheet structure, and Mb structures 
formed under the same condition of fibril formation, but in the presence of various H2S (blue).

Figure 4. 
Normal Raman spectra of HEWL aggregates in the presence of reducing agent TCEP with concentration 0 mM 
(solid line), 0.5 mM (dotted line), 1 mM (short dashed line), 2.5 mM (dashed line), and 10 mM (dashed dotted 
line). Selected spectral regions with characteristic Raman bands of disulfide and trisulfide moieties (A) as well 
as sulfhydryl (▬ SH) group (B) are shown. Phenylalanine Raman band at 1003 cm−1 was used to normalize 
the spectra (spectral region not shown).
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24 hours. There is a slightly difference between Mb and Hb lag phase leading to 
amyloid formation. However, when hydrogen sulfide is added under the control 
condition to Mb or Hb to generate fibrils, Figures 5 and 6, there is not an increase 
of ThT fluorescence (blue lines) for the duration of the experiment, independent of 
the lag phase difference between these hemeproteins. Therefore, the results demon-
strate that under the experimental conditions, Mb and Hb fibrils are not observed 
in the presence of hydrogen sulfide. Curiously, a similar result was reported [34] for 
hen egg white lysozyme (HEWL), where the addition of H2S in the fibril process 
completely inhibits the formation of β-sheet of amyloid fibrils.

Furthermore, Figures 5B and 6B also show CD the spectra of native Mb and 
Hb with clear minima at 208 and 222 nm characteristic for α-helix conformation of 
protein (red line). These negative peaks at 208 and 222 nm result from n → π* tran-
sition in the peptide bond of α-helical conformation [40, 41, 59, 60]. The presented 
results also indicate that both Mb and Hb form beta-sheet structures with a charac-
teristic negative band near 218 nm and the positive band at 195 nm in CD spectra, 
which could be attributed to amyloid fibrils, in the presence of 45% of 2,2,2-trifluo-
roethanol (TFE) (black line). The data also collaborate analogous results indicating 
the formation of hemoglobin fibrils [28, 40, 41, 59, 60]. Nevertheless, when hydro-
gen sulfide is added, the CD spectra of both myoglobin and hemoglobin show 208 
and 222 nm negative peaks typical for alpha-helical proteins (blue lines), suggesting 
the inhibition of fibrils by H2S.

4. Discussion

4.1 Evaluation of lysozyme secondary and tertiary structure

Lysozyme fibril formation has been extensively studied and characterized 
[36, 45, 61]. The most common methods used for studying the fibrillation process 
include AFM, ThT, and Trp fluorescence. DUVRR spectroscopy has been shown 
to be uniquely suitable for the structural characterization of proteins at all stages 
of the fibrillation process [51]. We utilized these complementary methods for 

Figure 6. 
Hemoglobin fibrils and their inhibition by hydrogen sulfide. (A) Kinetics of thioflavin T with hemoglobin 
amyloid formation (black) and in the presence of H2S (blue). (B) Far-UV CD studies of native hemoglobin 
(red); hemoglobin fibrils inhibition in the presence of various concentrations of H2S (blues) and 
hemoglobin fibrils (black).
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studying the effect of H2S on the morphology and structure of lysozyme aggregates. 
Although fibril formation was not detected by AFM and ThT fluorescence assays, 
the intrinsic Trp fluorescence marker suggested that significant tertiary structure 
changes had taken place minutes after H2S incubation began. The red shift of Trp 
fluorescence of greater than 10 nm is typical for unfolded lysozyme [36]. Changes 
were also evident for SS bridges at the same time scale, as discussed in the next 
section. The changes observed in the tryptophan local environment and in SS bonds 
indicate substantial changes in HEWL tertiary structure.

DUVRR spectroscopy was utilized to investigate changes in HEWL second-
ary structure during the incubation with and without H2S. It was found that H2S 
prevented the formation of β-sheet and resulted in a significant transition of 
α-helix to unordered protein. Moreover, we utilized DUVRR spectra of aggre-
gated lysozyme to evaluate the protein secondary structure composition. Xu et al. 
have reported on the quantitative analysis of lysozyme DUVRR spectral changes 
during its denaturation [36]. According to that work, the amount of α-helix 
melting can be estimated from the intensity of Cα▬H bending band. This band 
is conveniently isolated from other Raman bands. β-Sheet and unordered struc-
tures only contribute to Cα▬H bending DUVRR band, while the α-helix does not 
make a noticeable input [51]. It is evident from amide I Raman bands in DUVRR 
spectra presented in Figure 1D that no fibril-type β-sheet is formed in HEWL 
aggregates since the Am I intensity does not increase. Therefore, the increase in 
the Cα▬H band intensity in the spectrum of HEWL aggregates relative to that 
of native protein could be assigned to newly formed unordered structures. We 
normalized the DUVRR spectra of HEWL aggregates and native protein with 
the denatured-reduced HEWL spectrum reported by Xu et al. and estimated the 
amount of α-helix in HEWL aggregates as 11% [36]. Assuming that the amount of 
β-sheet in HEWL aggregates is approximately the same as in the native protein, 
we estimated the secondary structural composition of HEWL aggregates as 83% 
unordered, 11% α-helix, and 6% β-sheet.

To summarize the results concerning the significant tertiary structural rear-
rangements, α-helix melting, and lack of β-sheet formation, we conclude that H2S 
causes more significant denaturation of lysozyme than that taking place during the 
initial stages of protein fibrillation, which is typically reported as partial protein 
denaturation [36]. We hypothesize that this significant lysozyme denaturation 
results in rapid protein aggregation, the formation of spherical species, and the pre-
vention of the formation of β-sheets and fibrillation. In other words, H2S redirects 
the process to “off-pathway” aggregation, preventing fibril formation [8, 62, 63]. 
This observation is consistent with an earlier report by Wang and colleagues, which 
demonstrated that fully denatured lysozyme forms amorphous aggregates that 
prevent fibril formation [64]. The protein has been fully denatured by reducing SS 
bonds with DTTred. As a result, fully denatured lysozyme may lack the hydrophobic 
regions which are present in the partially unordered intermediates formed at the 
early stage of fibril formation. In addition, it is possible that amorphous aggregates 
decreased the effective concentration of HEWL available for fibril formation [64]. 
In agreement with Wang’s report, our results suggest that lysozyme denatures 
strongly in the presence of H2S and forms unordered aggregates that prevent β-sheet 
formation and fibrillation.

4.2 Formation of trisulfide bridges

According to Figure 3, the contributions of both g-g-g (507 cm−1 band) and 
g-g-t (523 cm−1 band) conformations of SS bonds to the Raman spectrum of HEWL 
decreased significantly during its incubation with H2S. Simultaneously, a new peak 
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appeared at 490 cm−1 (Figure 3A and C). Nielsen and colleagues proposed that SSS 
bridges can form in proteins in the presence of H2S via the thiol-disulfide exchange 
reaction, which is known to occur within cells [23]. We investigated the possibility 
of assigning a new Raman band at 490 cm−1 to the SSS moiety. Initially, we repro-
duced Raman spectra of two model compounds, dipropyl disulfide (DPDS) and 
dipropyl trisulfide (DPTS), shown in Figure 3D. In agreement with other pub-
lished studies, these compounds exhibit strong Raman bands at 509 and 485 cm−1, 
respectively, in agreement with the Raman spectra of native HEWL and HEWL 
spherical aggregates formed in the presence of H2S [65, 66]. Furthermore, we 
obtained the difference spectrum by subtracting HEWL spectra after 0 and 90 min-
utes of incubation in the presence of H2S and compared it to the expected spectral 
change representing the SS to SSS transition. The latter spectral change is depicted 
as a combination of dipropyl-disulfide and dipropyl-trisulfide spectra (Figure 3D). 
This spectral comparison provides further support for the hypothetical assignment 
of the 490 cm−1 Raman band to the SSS moiety.

Several studies have identified a 490 cm−1 Raman band in inorganic compounds 
and small organic molecules containing sulfur, and we report the appearance of this 
band in proteins for the first time [66–69]. Wieser and Krueger have assigned the 
488 cm−1 Raman peak of H-SSS-H to a symmetric SS stretch with a contribution 
from the SSS bend [69]. Freeman has reported the Raman spectra of organic SS 
and SSS compounds, found in natural products where a strong 485 cm−1 stretch-
ing band has been observed in cyclic and acyclic trisulfides [66]. Janz et al. have 
reported Raman spectra of inorganic SSS from BaS3 where 458 and 476 cm−1 bands 
were assigned to the symmetric stretching of SSS [68]. It is noteworthy that these 
frequencies can potentially be shifted in peptides. Kimbaris et al. have reported the 
Raman spectra of garlic oil, which contains a variety of compounds with SS and 
SSS groups [70]. We noticed an intense band at 489 cm−1 in these spectra that could 
potentially originate from an SSS moiety, although the assignment of the band was 
not discussed in the article. Overall, our hypothetical assignment of the 490 cm−1 
Raman band to the SSS moiety is in agreement with data from the literature [66, 
68]. The mechanism of SSS formation in proteins is unclear despite the significant 
interest that this topic has gained in recent years [21, 23, 35]. There is emerging 
evidence indicating that sulfane sulfur (S0), which is generated from H2S [56], 
is responsible for sulfuration through the formation of persulfide or trisulfide in 
proteins [71–73]. It would be interesting to investigate whether these SSS form by 
intra- or intermolecular processes. We are currently testing this hypothesis. It is 
noteworthy that the 490 cm−1 Raman band cannot be assigned to RSSH groups. 
These groups could form as a result of disulfide bond reduction in the presence of 
H2S by a process known as sulfuration or sulfhydration [74].

4.3 The mechanism of HEWL, Mb, and Hb aggregation vs. fibrillation

Approximately 50% of all extracellular proteins have disulfide bridges [61]. SS 
bonds preserve the three dimensional structure of proteins and their cleavage typi-
cally results in significant disruption of the native conformations of proteins [57]. It 
is well established that SS bonds play a significant role in amyloid fibrillation [75]. 
Dobson and colleagues have reported that the reduction of SS bridges significantly 
accelerated the rate of human lysozyme aggregation [61]. It has also been demon-
strated that reduction of four SS bonds to three bonds of apo-α-LA accelerates its 
fibrillation and leads to the formation of a new fibril polymorph with a different 
morphology and structure compared to fibrils formed from the wild-type LA [57]. 
At the same time, SS bonds of insulin remain intact and preserve their conformation 
during the fibrillation process [75]. Similar to insulin, the conformation of the SS 
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studying the effect of H2S on the morphology and structure of lysozyme aggregates. 
Although fibril formation was not detected by AFM and ThT fluorescence assays, 
the intrinsic Trp fluorescence marker suggested that significant tertiary structure 
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were also evident for SS bridges at the same time scale, as discussed in the next 
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during its denaturation [36]. According to that work, the amount of α-helix 
melting can be estimated from the intensity of Cα▬H bending band. This band 
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tures only contribute to Cα▬H bending DUVRR band, while the α-helix does not 
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spectra presented in Figure 1D that no fibril-type β-sheet is formed in HEWL 
aggregates since the Am I intensity does not increase. Therefore, the increase in 
the Cα▬H band intensity in the spectrum of HEWL aggregates relative to that 
of native protein could be assigned to newly formed unordered structures. We 
normalized the DUVRR spectra of HEWL aggregates and native protein with 
the denatured-reduced HEWL spectrum reported by Xu et al. and estimated the 
amount of α-helix in HEWL aggregates as 11% [36]. Assuming that the amount of 
β-sheet in HEWL aggregates is approximately the same as in the native protein, 
we estimated the secondary structural composition of HEWL aggregates as 83% 
unordered, 11% α-helix, and 6% β-sheet.

To summarize the results concerning the significant tertiary structural rear-
rangements, α-helix melting, and lack of β-sheet formation, we conclude that H2S 
causes more significant denaturation of lysozyme than that taking place during the 
initial stages of protein fibrillation, which is typically reported as partial protein 
denaturation [36]. We hypothesize that this significant lysozyme denaturation 
results in rapid protein aggregation, the formation of spherical species, and the pre-
vention of the formation of β-sheets and fibrillation. In other words, H2S redirects 
the process to “off-pathway” aggregation, preventing fibril formation [8, 62, 63]. 
This observation is consistent with an earlier report by Wang and colleagues, which 
demonstrated that fully denatured lysozyme forms amorphous aggregates that 
prevent fibril formation [64]. The protein has been fully denatured by reducing SS 
bonds with DTTred. As a result, fully denatured lysozyme may lack the hydrophobic 
regions which are present in the partially unordered intermediates formed at the 
early stage of fibril formation. In addition, it is possible that amorphous aggregates 
decreased the effective concentration of HEWL available for fibril formation [64]. 
In agreement with Wang’s report, our results suggest that lysozyme denatures 
strongly in the presence of H2S and forms unordered aggregates that prevent β-sheet 
formation and fibrillation.
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According to Figure 3, the contributions of both g-g-g (507 cm−1 band) and 
g-g-t (523 cm−1 band) conformations of SS bonds to the Raman spectrum of HEWL 
decreased significantly during its incubation with H2S. Simultaneously, a new peak 
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appeared at 490 cm−1 (Figure 3A and C). Nielsen and colleagues proposed that SSS 
bridges can form in proteins in the presence of H2S via the thiol-disulfide exchange 
reaction, which is known to occur within cells [23]. We investigated the possibility 
of assigning a new Raman band at 490 cm−1 to the SSS moiety. Initially, we repro-
duced Raman spectra of two model compounds, dipropyl disulfide (DPDS) and 
dipropyl trisulfide (DPTS), shown in Figure 3D. In agreement with other pub-
lished studies, these compounds exhibit strong Raman bands at 509 and 485 cm−1, 
respectively, in agreement with the Raman spectra of native HEWL and HEWL 
spherical aggregates formed in the presence of H2S [65, 66]. Furthermore, we 
obtained the difference spectrum by subtracting HEWL spectra after 0 and 90 min-
utes of incubation in the presence of H2S and compared it to the expected spectral 
change representing the SS to SSS transition. The latter spectral change is depicted 
as a combination of dipropyl-disulfide and dipropyl-trisulfide spectra (Figure 3D). 
This spectral comparison provides further support for the hypothetical assignment 
of the 490 cm−1 Raman band to the SSS moiety.

Several studies have identified a 490 cm−1 Raman band in inorganic compounds 
and small organic molecules containing sulfur, and we report the appearance of this 
band in proteins for the first time [66–69]. Wieser and Krueger have assigned the 
488 cm−1 Raman peak of H-SSS-H to a symmetric SS stretch with a contribution 
from the SSS bend [69]. Freeman has reported the Raman spectra of organic SS 
and SSS compounds, found in natural products where a strong 485 cm−1 stretch-
ing band has been observed in cyclic and acyclic trisulfides [66]. Janz et al. have 
reported Raman spectra of inorganic SSS from BaS3 where 458 and 476 cm−1 bands 
were assigned to the symmetric stretching of SSS [68]. It is noteworthy that these 
frequencies can potentially be shifted in peptides. Kimbaris et al. have reported the 
Raman spectra of garlic oil, which contains a variety of compounds with SS and 
SSS groups [70]. We noticed an intense band at 489 cm−1 in these spectra that could 
potentially originate from an SSS moiety, although the assignment of the band was 
not discussed in the article. Overall, our hypothetical assignment of the 490 cm−1 
Raman band to the SSS moiety is in agreement with data from the literature [66, 
68]. The mechanism of SSS formation in proteins is unclear despite the significant 
interest that this topic has gained in recent years [21, 23, 35]. There is emerging 
evidence indicating that sulfane sulfur (S0), which is generated from H2S [56], 
is responsible for sulfuration through the formation of persulfide or trisulfide in 
proteins [71–73]. It would be interesting to investigate whether these SSS form by 
intra- or intermolecular processes. We are currently testing this hypothesis. It is 
noteworthy that the 490 cm−1 Raman band cannot be assigned to RSSH groups. 
These groups could form as a result of disulfide bond reduction in the presence of 
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4.3 The mechanism of HEWL, Mb, and Hb aggregation vs. fibrillation

Approximately 50% of all extracellular proteins have disulfide bridges [61]. SS 
bonds preserve the three dimensional structure of proteins and their cleavage typi-
cally results in significant disruption of the native conformations of proteins [57]. It 
is well established that SS bonds play a significant role in amyloid fibrillation [75]. 
Dobson and colleagues have reported that the reduction of SS bridges significantly 
accelerated the rate of human lysozyme aggregation [61]. It has also been demon-
strated that reduction of four SS bonds to three bonds of apo-α-LA accelerates its 
fibrillation and leads to the formation of a new fibril polymorph with a different 
morphology and structure compared to fibrils formed from the wild-type LA [57]. 
At the same time, SS bonds of insulin remain intact and preserve their conformation 
during the fibrillation process [75]. Similar to insulin, the conformation of the SS 
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bonds in HEWL remains intact during the fibrillation of HEWL in control solution, 
as we have described here. It has been suggested that a partial denaturation of lyso-
zyme precedes fibril formation because the native tertiary structure would not allow 
rearrangement to the cross-β sheet structure due to steric constraints [8, 76]. It has 
also been reported that partial denaturation, the first step of lysozyme fibrillation, 
is an irreversible process [46]. At the same time, a fully denatured lysozyme forms 
amorphous aggregates that prevent fibril formation [64]. It is believed that the fully 
denatured protein lacks the hydrophobic side chains present in partially unordered 
intermediates. In addition, amorphous aggregates potentially decrease the effective 
concentration of HEWL available for fibril formation [64]. In agreement with these 
observations, our results suggest that lysozyme denatures strongly in the presence of 
H2S and forms unordered aggregates that prevent β-sheet formation and fibrillation.

Regarding this, it has been shown that Hb under physiological conditions and 
in presence of 45% 2,2,2-trifluoethanol (TFE) produces amyloid-like fibril species 
[28]. The mechanism surrounding these fibril events remains almost unknown. 
Curiously, myoglobin and hemoglobin do not have any S-S moiety in their chemical 
structures, and Figures 5 and 6 show that the fibrillation inhibition effect of H2S 
depends on its concentration. Specifically, the Mb and Hb α-helix assemblies are 
almost preserved at higher H2S concentrations. Therefore, in these hemeproteins, 
it is not clear the inhibition mechanism by H2S, since CD indicates that hydrogen 
sulfide prevents β-sheet formation and fibrillation without altering significantly the 
α-helical structure of Mb or Hb. Also similar to HEWL, the addition of H2S to Mb or 
Hb fibrils does not revert the β-sheet amyloid fibrils to the native α-structure. These 
results are consistent with the ThT findings that β-sheets are present in Mb and Hb 
amyloid-like fibrils in the presence of 45% TFE and that increasing concentration 
of H2S inhibits β-sheet formation. The findings demonstrate the same H2S effect 
on to the fibrillation of Mb monomer and Hb tetramer, although some quantitative 
kinetic differences may be evident and need further study.
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Pathophysiology of Amyloid Fibril 
Formation
George H. Sack Jr.

Abstract

All amyloid comprises fibrillar polymers of tightly associated protein mono-
mers. Central to the fibril structure is a highly ordered β-pleated sheet domain 
although this interacting region may only be a relatively short stretch of each 
constituent polypeptide chain. Fibril formation begins as a nucleation event based 
either on the constituent monomer protein or its proteolytic fragment(s). The 
resulting fibrils are generally chemically inert and very stable.

Keywords: amyloid, fibril, β-sheet, polymer, nucleation

1. Introduction

The term “amyloid” is intrinsically a misnomer. It was derived in the nineteenth 
century to describe what was then thought to be amorphous material composed of 
carbohydrate (Gk “amyl,” starch) in both plants and pathologic specimens from 
humans and animals. In human pathology these deposits were identified in the 
kidney, liver, heart, brain, and elsewhere and were often associated with organ 
dysfunction. In 1942, Hass [1] showed that the material was largely protein, not 
carbohydrate. An important observation in 1959 [2] used electron microscopy to 
show that the material was not amorphous but, rather, consisted of long fibrils. 
Figure 1 shows an example of amyloid fibrils.

Subsequent studies have been directed to identifying the constituent proteins 
and clarifying the process(es) of fibril formation. Treatment for affected individu-
als depends upon addressing the underlying chemistry and biology. We will review 
these in turn.

Figure 1. 
Electron microscopic images of amyloid fibrils derived from synthetic sequences of Alzheimer β(1-42) 
polypeptides each containing different amino acid substitutions and yet forming characteristic fibrils, 
emphasizing the generalizability of amyloid fibril formation [3]. Copyright, 2005. National Academy of 
Sciences, used by permission.
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2. Protein constituent(s) of amyloid fibrils

Many types of disorders are associated with amyloid deposits. Different fibril 
proteins underlie different pathologic contexts. Table 1 presents examples of some 
types of amyloid diseases, the proteins from which their fibril proteins are derived, 
and their clinical associations. As will be noted below, it has become important to 
identify the precise molecular constituent(s) of the fibrils in order to establish the 
correct diagnosis and plan appropriate treatment.

In humans, the most frequently encountered pathologic amyloid fibrils are 
derived from fragments of immunoglobulin proteins. Some (but not all) immuno-
globulin light chains (both κ and λ) have stretches of amino acids that can form the 
basic unit of amyloid fibrils. These are usually found in association with clonal pro-
liferations of plasma cells which range from “monoclonal gammopathy of unknown 
significance” (i.e., “MGUS”) to disorders such as myeloma. The fibrils themselves 
can cause distortion of organ microanatomy leading to cell dysfunction, disrupted 
cell-cell communication and, ultimately, organ failure.

Another well-studied type of amyloid fibril is derived from fragments of a 
small (104 amino acid) serum protein called “serum amyloid A (SAA).” Deposits 
of this type of amyloid are characteristic of chronic inflammatory or infectious 
disorders. It is likely that many of the examples of “amyloid” disease described in 
the pre-antibiotic era were derived from SAA (examples include tuberculosis and 
osteomyelitis).

Many genetic variants of transthyretin (TTR), another small, 127 amino acid 
serum protein, are associated with familial forms of amyloid disease. Affected indi-
viduals show progressive neurologic and/or cardiac dysfunction with concomitant 
amyloid deposition [6]. In addition, some individuals develop TTR amyloid disease 
(particularly involving the heart) in the absence of an underlying mutation in the 
protein.

Amyloid fibrils and plaques are characteristic of the neurodegeneration of 
Alzheimer disease. In this case, the parent protein is a large membrane-spanning 
protein referred to as β-amyloid. Only a small fragment of the primary protein is 
found in amyloid fibrils [7]. Specific endoproteases release this fragment from the 
parent molecule. As Figure 1 shows, characteristic amyloid fibrils can be formed 
from Aβ(1-42) polypeptides with individual amino acid variation(s).

Parkinson disease is another disorder of the central nervous system associ-
ated with cellular depositions. In this case, α-synuclein accumulates in cells of the 
basal ganglia associated with loss of function. In neurons, relatively disorganized 
oligomers of α-synuclein appear first, and there is gradual compaction with β-sheet 
domains becoming prominent later [8, 9].

Considerable interest has arisen regarding prions. These are alternative 
conformations of proteins that can self-associate and self-propagate. First deter-
mined to be causative agents of “spongiform encephalopathy” in humans  
(e.g., Creutzfeldt-Jakob disease), prions also have become recognized as respon-
sible for transmissible neuropathies in animals (e.g., “mad cow” disease). Studies 
of Sup35 prions in yeast have been particularly informative, and multiple strains 
can be isolated [10].

Another interesting category of disorders associated with amyloid fibril forma-
tion includes polypeptide hormones. Many of these are originally stored in relatively 
concentrated form within membrane-enclosed secretory granules. Table 1 lists 
several associated types. In normal physiology dissociation of these organized 
structures must occur in order to release individual hormones [11]. In certain situa-
tions, however, these same hormones (or their precursors) can persist and become 
detected as fibrils.
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3. Fibril structure

All amyloid fibrils share a basic unit comprising a relatively short and (usu-
ally) contiguous stretch of amino acids whose three-dimensional contours can be 
accommodated in a β-pleated sheet conformation (both parallel and antiparallel 
assemblies are recognized in fibrils). Hydrogen bonds between the amide groups 
polarize each other. Van der Waals forces also develop between the β-sheets. Water 
molecules are displaced from between the faces of the sheets. These important 
features emphasize that protein precursors of amyloid fibrils are not in their native 
state—the constituent monomer is in an altered conformation, and this state may 
only be transient prior to nucleation. Thus, there is an array of polypeptide species 
that may underlie fibril formation; the most (transiently) stable and/or abundant 
species is most likely to be captured in a stable β-sheet.

As shown by Riek and Eisenberg [12], amyloids derived from different protein 
constituents may have very different β-sheet domains. In addition, these regions 
may be rather small in comparison with the length of the parent protein(s). This 
implies that only a fragment of the parent (i.e., longer) protein may be found in the 
ultimate amyloid fibril, and this, in turn, implies that cleavage of the parent protein 
is often part of the process of fibril formation. Figure 2 presents example details of 
the particularly well-studied Alzheimer Aβ(1-42) fibril.

The β-pleated sheet topology of the basic interacting region permits individual 
regions to stack upon one another in a highly ordered manner—thus extending into 
the long axis of the fibril (see Figure 2). The result is stabilization not only between 
β-sheet domains but also between stacked subunits. Fibrils often show a twist along 
their long axis.

Once the requisite region for forming β-sheets becomes available, fibril forma-
tion begins as a nucleation event. Usually small numbers of monomers interact, but 
once the primordial oligomeric fibrillary unit is assembled, further extension can 
occur by aligning new monomers with the growing fibril surface. The kinetics of 
this process are consistent with this scheme, there generally being a lag in assem-
bling the oligomer followed by more rapid extension as subunits are added.

Most amyloid fibrils share relatively common dimensions although their lengths 
often vary. Because the fibrils are so tightly associated within their common nuclei 
of β-sheet domains, they are themselves rather resistant to dissociation (substantial 
free energy of formation) as well as to attack by proteases (regions susceptible to 

Designation Precursor protein Clinical example(s)

AL κ, λ Light chains Myeloma, MGUS

AA Serum amyloid A Secondary

ATTR Transthyretin Nerve/heart

Aβ β-Protein precursor Alzheimer

APrP Prion protein Encephalopathy

Aβ2M β2-Microglobulin Dialysis related

AIAPP Amylin Type II diabetes

ACal (Pro)calcitonin Medullary thyroid carcinoma

AANF Atrial natriuretic factor Atrial amyloid

AαSyn α-Synuclein Parkinson disease

Table 1. 
Examples of pathologic human amyloid fibril proteins [4, 5].
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types of amyloid diseases, the proteins from which their fibril proteins are derived, 
and their clinical associations. As will be noted below, it has become important to 
identify the precise molecular constituent(s) of the fibrils in order to establish the 
correct diagnosis and plan appropriate treatment.

In humans, the most frequently encountered pathologic amyloid fibrils are 
derived from fragments of immunoglobulin proteins. Some (but not all) immuno-
globulin light chains (both κ and λ) have stretches of amino acids that can form the 
basic unit of amyloid fibrils. These are usually found in association with clonal pro-
liferations of plasma cells which range from “monoclonal gammopathy of unknown 
significance” (i.e., “MGUS”) to disorders such as myeloma. The fibrils themselves 
can cause distortion of organ microanatomy leading to cell dysfunction, disrupted 
cell-cell communication and, ultimately, organ failure.

Another well-studied type of amyloid fibril is derived from fragments of a 
small (104 amino acid) serum protein called “serum amyloid A (SAA).” Deposits 
of this type of amyloid are characteristic of chronic inflammatory or infectious 
disorders. It is likely that many of the examples of “amyloid” disease described in 
the pre-antibiotic era were derived from SAA (examples include tuberculosis and 
osteomyelitis).

Many genetic variants of transthyretin (TTR), another small, 127 amino acid 
serum protein, are associated with familial forms of amyloid disease. Affected indi-
viduals show progressive neurologic and/or cardiac dysfunction with concomitant 
amyloid deposition [6]. In addition, some individuals develop TTR amyloid disease 
(particularly involving the heart) in the absence of an underlying mutation in the 
protein.

Amyloid fibrils and plaques are characteristic of the neurodegeneration of 
Alzheimer disease. In this case, the parent protein is a large membrane-spanning 
protein referred to as β-amyloid. Only a small fragment of the primary protein is 
found in amyloid fibrils [7]. Specific endoproteases release this fragment from the 
parent molecule. As Figure 1 shows, characteristic amyloid fibrils can be formed 
from Aβ(1-42) polypeptides with individual amino acid variation(s).

Parkinson disease is another disorder of the central nervous system associ-
ated with cellular depositions. In this case, α-synuclein accumulates in cells of the 
basal ganglia associated with loss of function. In neurons, relatively disorganized 
oligomers of α-synuclein appear first, and there is gradual compaction with β-sheet 
domains becoming prominent later [8, 9].

Considerable interest has arisen regarding prions. These are alternative 
conformations of proteins that can self-associate and self-propagate. First deter-
mined to be causative agents of “spongiform encephalopathy” in humans  
(e.g., Creutzfeldt-Jakob disease), prions also have become recognized as respon-
sible for transmissible neuropathies in animals (e.g., “mad cow” disease). Studies 
of Sup35 prions in yeast have been particularly informative, and multiple strains 
can be isolated [10].

Another interesting category of disorders associated with amyloid fibril forma-
tion includes polypeptide hormones. Many of these are originally stored in relatively 
concentrated form within membrane-enclosed secretory granules. Table 1 lists 
several associated types. In normal physiology dissociation of these organized 
structures must occur in order to release individual hormones [11]. In certain situa-
tions, however, these same hormones (or their precursors) can persist and become 
detected as fibrils.
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3. Fibril structure

All amyloid fibrils share a basic unit comprising a relatively short and (usu-
ally) contiguous stretch of amino acids whose three-dimensional contours can be 
accommodated in a β-pleated sheet conformation (both parallel and antiparallel 
assemblies are recognized in fibrils). Hydrogen bonds between the amide groups 
polarize each other. Van der Waals forces also develop between the β-sheets. Water 
molecules are displaced from between the faces of the sheets. These important 
features emphasize that protein precursors of amyloid fibrils are not in their native 
state—the constituent monomer is in an altered conformation, and this state may 
only be transient prior to nucleation. Thus, there is an array of polypeptide species 
that may underlie fibril formation; the most (transiently) stable and/or abundant 
species is most likely to be captured in a stable β-sheet.

As shown by Riek and Eisenberg [12], amyloids derived from different protein 
constituents may have very different β-sheet domains. In addition, these regions 
may be rather small in comparison with the length of the parent protein(s). This 
implies that only a fragment of the parent (i.e., longer) protein may be found in the 
ultimate amyloid fibril, and this, in turn, implies that cleavage of the parent protein 
is often part of the process of fibril formation. Figure 2 presents example details of 
the particularly well-studied Alzheimer Aβ(1-42) fibril.

The β-pleated sheet topology of the basic interacting region permits individual 
regions to stack upon one another in a highly ordered manner—thus extending into 
the long axis of the fibril (see Figure 2). The result is stabilization not only between 
β-sheet domains but also between stacked subunits. Fibrils often show a twist along 
their long axis.

Once the requisite region for forming β-sheets becomes available, fibril forma-
tion begins as a nucleation event. Usually small numbers of monomers interact, but 
once the primordial oligomeric fibrillary unit is assembled, further extension can 
occur by aligning new monomers with the growing fibril surface. The kinetics of 
this process are consistent with this scheme, there generally being a lag in assem-
bling the oligomer followed by more rapid extension as subunits are added.

Most amyloid fibrils share relatively common dimensions although their lengths 
often vary. Because the fibrils are so tightly associated within their common nuclei 
of β-sheet domains, they are themselves rather resistant to dissociation (substantial 
free energy of formation) as well as to attack by proteases (regions susceptible to 

Designation Precursor protein Clinical example(s)

AL κ, λ Light chains Myeloma, MGUS

AA Serum amyloid A Secondary

ATTR Transthyretin Nerve/heart

Aβ β-Protein precursor Alzheimer

APrP Prion protein Encephalopathy

Aβ2M β2-Microglobulin Dialysis related

AIAPP Amylin Type II diabetes

ACal (Pro)calcitonin Medullary thyroid carcinoma

AANF Atrial natriuretic factor Atrial amyloid

AαSyn α-Synuclein Parkinson disease

Table 1. 
Examples of pathologic human amyloid fibril proteins [4, 5].
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proteolysis may not be accessible). These molecular features help explain both the 
chronicity and the progressive nature of amyloid disorders.

Amyloid fibrils characteristically bind planar dye molecules. Upon binding 
to fibrils, these dyes can show birefringence when viewed using polarized light 
microscopy, providing a widely used method for identifying amyloid deposits in 
biologic tissues. The dyes Congo Red and Thioflavin T are used most frequently.

Another feature of amyloid fibrils is that they are usually found associated with 
other molecules. These include glycosaminoglycans (which may be responsible for 
calcium binding) as well as the pentraxin protein—“serum amyloid P” (SAP) [13]. 
These common features permit some imaging techniques to identify amyloid fibrils 
radiographically. For example, it is often possible to scan for SAP in order to localize 
amyloid deposits of various types [14].

Reference to Table 1 emphasizes the variety of proteins that can form the 
β-pleated sheet structural units of amyloid fibrils. The proteins generally do not 
share common sequences or large-scale features because the region(s) essential 
for nucleating fibrils is(are) small (recall Figure 2). The protein constituent(s) 
of fibrils can frequently be determined using specific antibodies. The choice of 
antibodies to use is generally aided by the location of the deposit(s) and the clinical 
and/or pathologic context.

4. Fibril formation

As noted above, the fundamental event in amyloid formation is highly specific 
interaction between adjacent (usually) small protein units to form antiparallel (and, 
in some cases, parallel) β-sheets. The native state of the parent protein is generally 
thermodynamically more stable than the amyloid state. However, it is important 
to note that the stability of the amyloid state depends on protein concentration 
while that of the native precursor is largely independent of protein concentration. 
There thus arises a concentration above which the stability of the amyloid state can 

Figure 2. 
Details of Alzheimer Aβ(1-42) fibril emphasizing amino acids 17-42. (A) Ribbon diagram of the core. 
(B) Salt bridges are indicated by the rectangles. (C) View of the “odd” end of the growing fibril showing 
the van der Waals surface as well as the amino acid side chains. The fibril axis is shown, corresponding to 
that in A and B. (D) Simulation of a fibril with four filaments (the adjacent figure shows the filament 
ends and the dimensions). (E) Cryoelectron micrographs of single fibrils [3]. Copyright 2005, National 
Academy of science, used by permission.
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become the same as or even transiently greater than that of the native state. Not 
surprisingly, the complex topology of long proteins makes them unlikely to nucleate 
and extend into stable fibrils. This generally limits formation of amyloid fibrils to 
proteins <150 aa [5].

Once the requisite region for forming the β-sheet becomes accessible, fibril for-
mation begins as a stochastic nucleation event. Usually small numbers of monomers 
interact, but once the primordial oligomeric fibrillary unit is assembled, further 
extension can occur by aligning new monomers with the growing fibril surface. The 
kinetics of this process are consistent with this scheme, there generally being a lag 
in assembling the oligomer followed by more rapid extension as subunits are added.

Because different types of amyloid fibrils have different protein constituents and 
may be found in different locations, it is not always possible to identify common 
features. An important distinction is between fibrils that have soluble, generally blood-
based, precursors and those derived from specific intracellular or organ-limited pro-
teins. Among the former are immunoglobulins (usually κ or λ light chains) and serum 
amyloid A. The latter include hormone precursors such as procalcitonin, prolactin, as 
well as amylin and the β-protein precursor. Prions generally begin intracellularly.

As noted earlier, the protein precursors of amyloid fibrils are usually complex 
with multiple domains, and the critical, nucleating region is often small. Thus, 
many must undergo proteolysis in order to eliminate domains that are topologically 
incompatible with fibril dimensions and structure. In the best-studied examples, 
proteolysis occurs within lysosomes or related organelles although not all sites (or 
responsible proteases) have been determined.

Figure 3 presents a scheme for AA fibril formation from circulating SAA. SAA is 
usually found in association with high-density lipoprotein in the blood, and it must 
dissociate and enter the cell, often using clathrin-mediated endocytosis. Within 
the cell (in lysosomes or related structures), the acidic pH leads to unfolding of the 
precursor as reactive groups are titrated (steps A–C). This likely exposes region(s) 
with increased susceptibility to proteolysis. The considerable free energy of anti-
parallel (or, for some other fibril precursors, parallel) β-pleated sheet formation and 
the relatively high local concentrations of appropriate domains leads to nucleation 
and at least some oligomer formation (steps C, D).

Intracellular oligomeric fibril nucleation ultimately causes organelle disruption 
followed by loss of cellular integrity (step E). The possibility of exosome participa-
tion at this stage has not been excluded. The result is a local mixture of nascent and 
growing amyloid fibrils and cell debris. Having oligomeric “seeds” already formed 
intracellularly, fibril elongation can then be extended. The result becomes a mixed, 

Figure 3. 
Scheme for multiple steps in AA fibril formation from circulating SAA (from [16] see text for details).
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microscopy, providing a widely used method for identifying amyloid deposits in 
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other molecules. These include glycosaminoglycans (which may be responsible for 
calcium binding) as well as the pentraxin protein—“serum amyloid P” (SAP) [13]. 
These common features permit some imaging techniques to identify amyloid fibrils 
radiographically. For example, it is often possible to scan for SAP in order to localize 
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of fibrils can frequently be determined using specific antibodies. The choice of 
antibodies to use is generally aided by the location of the deposit(s) and the clinical 
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in some cases, parallel) β-sheets. The native state of the parent protein is generally 
thermodynamically more stable than the amyloid state. However, it is important 
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(B) Salt bridges are indicated by the rectangles. (C) View of the “odd” end of the growing fibril showing 
the van der Waals surface as well as the amino acid side chains. The fibril axis is shown, corresponding to 
that in A and B. (D) Simulation of a fibril with four filaments (the adjacent figure shows the filament 
ends and the dimensions). (E) Cryoelectron micrographs of single fibrils [3]. Copyright 2005, National 
Academy of science, used by permission.
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become the same as or even transiently greater than that of the native state. Not 
surprisingly, the complex topology of long proteins makes them unlikely to nucleate 
and extend into stable fibrils. This generally limits formation of amyloid fibrils to 
proteins <150 aa [5].

Once the requisite region for forming the β-sheet becomes accessible, fibril for-
mation begins as a stochastic nucleation event. Usually small numbers of monomers 
interact, but once the primordial oligomeric fibrillary unit is assembled, further 
extension can occur by aligning new monomers with the growing fibril surface. The 
kinetics of this process are consistent with this scheme, there generally being a lag 
in assembling the oligomer followed by more rapid extension as subunits are added.

Because different types of amyloid fibrils have different protein constituents and 
may be found in different locations, it is not always possible to identify common 
features. An important distinction is between fibrils that have soluble, generally blood-
based, precursors and those derived from specific intracellular or organ-limited pro-
teins. Among the former are immunoglobulins (usually κ or λ light chains) and serum 
amyloid A. The latter include hormone precursors such as procalcitonin, prolactin, as 
well as amylin and the β-protein precursor. Prions generally begin intracellularly.

As noted earlier, the protein precursors of amyloid fibrils are usually complex 
with multiple domains, and the critical, nucleating region is often small. Thus, 
many must undergo proteolysis in order to eliminate domains that are topologically 
incompatible with fibril dimensions and structure. In the best-studied examples, 
proteolysis occurs within lysosomes or related organelles although not all sites (or 
responsible proteases) have been determined.

Figure 3 presents a scheme for AA fibril formation from circulating SAA. SAA is 
usually found in association with high-density lipoprotein in the blood, and it must 
dissociate and enter the cell, often using clathrin-mediated endocytosis. Within 
the cell (in lysosomes or related structures), the acidic pH leads to unfolding of the 
precursor as reactive groups are titrated (steps A–C). This likely exposes region(s) 
with increased susceptibility to proteolysis. The considerable free energy of anti-
parallel (or, for some other fibril precursors, parallel) β-pleated sheet formation and 
the relatively high local concentrations of appropriate domains leads to nucleation 
and at least some oligomer formation (steps C, D).

Intracellular oligomeric fibril nucleation ultimately causes organelle disruption 
followed by loss of cellular integrity (step E). The possibility of exosome participa-
tion at this stage has not been excluded. The result is a local mixture of nascent and 
growing amyloid fibrils and cell debris. Having oligomeric “seeds” already formed 
intracellularly, fibril elongation can then be extended. The result becomes a mixed, 

Figure 3. 
Scheme for multiple steps in AA fibril formation from circulating SAA (from [16] see text for details).
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largely acellular, region where amyloid fibrils become the predominant structured 
species (step F) [15, 16].

A contrasting situation can occur in situations where the fibril precursor is not 
only soluble but also intrinsically capable of β structure formation without cleavage. 
Figure 4 shows events for transthyretin (TTR). TTR is a 127 amino acid protein 
circulating in the blood as a stable tetramer that binds thyroid hormone and retin A 
(hence, its name). The TTR monomer itself contains prominent β-sheet domains. If 
the tetramer dissociates, the free monomers can misfold into various forms. Among 
these, some can associate as oligomers which then can be extended into fibrils. TTR 
amyloid fibrils are particularly prone to cause dysfunction in nerves and the heart. 
Interestingly, over 100 amino acid substitutions (i.e., mutations) have been identi-
fied in TTR [17]. Mutations differentially affect tetramer stability—some increase 
it, while others reduce it. Among the latter are several that are associated with 
inherited amyloid diseases, and the Val30Met and Val122Ile mutations have been 
particularly well-studied (affecting nerves and/or the heart). Kinetic and other 
evidence implicates the oligomer form(s) as directly involved in organ dysfunction. 
Amyloid fibrils become detectable by microscopy as the disease progresses. One 
proposed therapeutic strategy involves developing small molecules that stabilize the 
circulating tetramer, hence reducing (or eliminating) dissociation, oligomer forma-
tion, and tissue toxicity [18].

5. Pathologic consequences of amyloid formation

As indicated by Table 1, many disorders can be associated with amyloid deposi-
tion. In many cases, the precise mechanism of pathologic dysfunction is unknown. 
Nevertheless, several notions are important.

First, as noted, some polypeptide hormones are apparently stored in amyloid-
like conformations. These differ from most of the other types in being reversible 
upon hormone release. Only in rare situations do these protein accumulations 
persist as amyloid deposits and become associated with disease.

Second, evolution has often minimized protein sequences that are particularly 
prone to nucleate amyloid fibrils [19]. Many proteins are located in intracellular 
regions or are associated with chaperones that reduce their likelihood of assuming 
alternative conformations. Degradation mechanisms including proteasomes can 
minimize intracellular aggregation.

In so-called “secondary” amyloid disease, the bulk of accumulated fibrils 
likely interferes with cellular and organ function. For example, remarkably large 

Figure 4. 
Scheme for nucleation of TTR amyloid oligomers.
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quantities of AA protein were isolated from the kidneys, liver, and spleen in earlier 
studies [20, 21]. Examining affected tissues by light microscopy clearly shows large 
interruptions in organ structural integrity due to massive amyloid deposits. Similar 
accumulations often accompany “primary” (i.e., immunoglobulin-derived) amy-
loid disease where fragments of immunoglobulin light chains may be found in large 
deposits.

Evidence from other types of amyloid disease indicates that large, microscopi-
cally visible deposits of amyloid fibrils may not always be the initial cause of cell/
organ dysfunction. While fibrils are often seen later in study of affected tissues 
(and, hence, appear as classic “amyloid” by staining), they may be late conse-
quences. Earlier, oligomeric forms may be more disruptive and lead to organ 
dysfunction well before large deposits are detectable by microscopy.

Figure 4 (above) presents a simple scheme for oligomer formation. This is 
likely to occur as a basic pathway in various types of amyloid-related diseases. 
As described above, destabilization of the TTR tetramer occurs extracellularly 
and can lead to oligomers that are relatively small. Various TTR mutations can 
destabilize the tetramer and accelerate this process although even the normal 
protein also appears susceptible in some situations. This likely is a problem for 
various intracellular neurotoxic fibrils and their predecessors (e.g., β-protein 
and α-synuclein) as well [22]. Thus, finding substantial amounts of extracellular 
Congo Red staining deposits may be a late feature of the basic disorder rather than 
the primary cause of dysfunction. As noted above, such material is generally quite 
stable and often resistant to dissociation. Hence, extracellular deposits (or even 
substantial accumulations within organelles) may be the end point of the toxic 
oligomer pathway.

6. Therapeutic approaches to amyloid pathophysiology

As described above, once formed, amyloid fibrils are intrinsically quite stable 
due to intra- and intermolecular bonds and relative inaccessibility to proteases. 
Ideally, disrupting the fibrils themselves would be an appropriate approach to treat-
ing at least some amyloid disorders. In this regard, chaotropic molecules (e.g., urea, 
guanidinium, etc.), often used in the laboratory, are not options for treatment due 
to their toxicity. Alternative agents, compatible with in vivo use have not yet been 
identified. Thus, successful intervention(s) for amyloid disorders must either pre-
vent formation of the precursor(s) or stabilize the protein predecessors of oligomers 
(or their proteolytic cleavage). Several approaches have been introduced, and these 
depend upon the specific type of amyloidosis (recall Table 1).

Immunoglobulin light chain overproduction (“primary” amyloidosis) is basi-
cally a clonal disorder of plasma cell proliferation/overexpression. Here, treatment 
generally depends on suppression or elimination of the responsible cell population. 
This falls into the spectrum of treatment of myeloma and related disorders and 
depends on oncologic approaches.

Amyloid A (SAA) disorders (“secondary” amyloidosis) generally reflect over-
production of the SAA precursor. These usually are related to chronic or periodic 
and recurrent infection/inflammation. The incidence of these has been reduced by 
successful treatment of conditions such as tuberculosis and osteomyelitis. However, 
these and other types of infections and inflammation remain prominent in certain 
parts of the world and can be accompanied by amyloidosis. Genetic disorders such 
as familial Mediterranean fever with recurrent, self-limited inflammatory episodes 
can usually be controlled with agents such as colchicine [23], minimizing SAA 
synthesis and AA amyloid accumulation.
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species (step F) [15, 16].

A contrasting situation can occur in situations where the fibril precursor is not 
only soluble but also intrinsically capable of β structure formation without cleavage. 
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Figure 4. 
Scheme for nucleation of TTR amyloid oligomers.
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quantities of AA protein were isolated from the kidneys, liver, and spleen in earlier 
studies [20, 21]. Examining affected tissues by light microscopy clearly shows large 
interruptions in organ structural integrity due to massive amyloid deposits. Similar 
accumulations often accompany “primary” (i.e., immunoglobulin-derived) amy-
loid disease where fragments of immunoglobulin light chains may be found in large 
deposits.

Evidence from other types of amyloid disease indicates that large, microscopi-
cally visible deposits of amyloid fibrils may not always be the initial cause of cell/
organ dysfunction. While fibrils are often seen later in study of affected tissues 
(and, hence, appear as classic “amyloid” by staining), they may be late conse-
quences. Earlier, oligomeric forms may be more disruptive and lead to organ 
dysfunction well before large deposits are detectable by microscopy.

Figure 4 (above) presents a simple scheme for oligomer formation. This is 
likely to occur as a basic pathway in various types of amyloid-related diseases. 
As described above, destabilization of the TTR tetramer occurs extracellularly 
and can lead to oligomers that are relatively small. Various TTR mutations can 
destabilize the tetramer and accelerate this process although even the normal 
protein also appears susceptible in some situations. This likely is a problem for 
various intracellular neurotoxic fibrils and their predecessors (e.g., β-protein 
and α-synuclein) as well [22]. Thus, finding substantial amounts of extracellular 
Congo Red staining deposits may be a late feature of the basic disorder rather than 
the primary cause of dysfunction. As noted above, such material is generally quite 
stable and often resistant to dissociation. Hence, extracellular deposits (or even 
substantial accumulations within organelles) may be the end point of the toxic 
oligomer pathway.

6. Therapeutic approaches to amyloid pathophysiology

As described above, once formed, amyloid fibrils are intrinsically quite stable 
due to intra- and intermolecular bonds and relative inaccessibility to proteases. 
Ideally, disrupting the fibrils themselves would be an appropriate approach to treat-
ing at least some amyloid disorders. In this regard, chaotropic molecules (e.g., urea, 
guanidinium, etc.), often used in the laboratory, are not options for treatment due 
to their toxicity. Alternative agents, compatible with in vivo use have not yet been 
identified. Thus, successful intervention(s) for amyloid disorders must either pre-
vent formation of the precursor(s) or stabilize the protein predecessors of oligomers 
(or their proteolytic cleavage). Several approaches have been introduced, and these 
depend upon the specific type of amyloidosis (recall Table 1).

Immunoglobulin light chain overproduction (“primary” amyloidosis) is basi-
cally a clonal disorder of plasma cell proliferation/overexpression. Here, treatment 
generally depends on suppression or elimination of the responsible cell population. 
This falls into the spectrum of treatment of myeloma and related disorders and 
depends on oncologic approaches.

Amyloid A (SAA) disorders (“secondary” amyloidosis) generally reflect over-
production of the SAA precursor. These usually are related to chronic or periodic 
and recurrent infection/inflammation. The incidence of these has been reduced by 
successful treatment of conditions such as tuberculosis and osteomyelitis. However, 
these and other types of infections and inflammation remain prominent in certain 
parts of the world and can be accompanied by amyloidosis. Genetic disorders such 
as familial Mediterranean fever with recurrent, self-limited inflammatory episodes 
can usually be controlled with agents such as colchicine [23], minimizing SAA 
synthesis and AA amyloid accumulation.
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For TTR-related disorders several approaches are recognized. First, because the 
liver is the main site for the synthesis of TTR, liver transplantation can eliminate 
production of the mutant TTR protein. Although this has been used successfully, 
it is a complex process with its own intrinsic short- and long-term complications 
[24]. Second, synthesis of the responsible mutant protein can be suppressed. 
Several approaches based on specifically interrupting stability of TTR messenger 
RNA through RNAi have been developed. (Carriers of TTR mutations are usually 
heterozygotes, so these approaches generally reduce levels of both mutant and 
normal TTR—apparently, a reduced concentration of TTR is well-tolerated.) Third, 
the circulating tetramer can be stabilized by exogenous agents (e.g., Tafamidis™) 
to shift the equilibrium away from dissociation (and, hence, minimize oligomer 
formation). These approaches show promise [25, 26].

For neurologic disorders where the underlying problem is likely intracellular 
(e.g., α-synuclein and β-protein), the above approaches have not been feasible. It is 
more likely that clarification of complex intracellular pathways will be required in 
order to develop approaches to prevent and/or interrupt fibril accumulation in these 
and related conditions.

7. Conclusions

Amyloid formation and related disorders present examples of situations where 
there is fundamental dependence on protein structure, its variation(s), abundance, 
and the consequences of alternative conformation(s). Because the molecules 
involved are quite different for each type of amyloid disease, different organs may 
be involved, and stabilizing or eliminating the precursors likely will vary. Successful 
therapeutic intervention will likely be unique to each type of amyloidosis. The basic 
concerns are similar, however, and considerable progress has already clarified both 
the problem(s) and the options.
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For TTR-related disorders several approaches are recognized. First, because the 
liver is the main site for the synthesis of TTR, liver transplantation can eliminate 
production of the mutant TTR protein. Although this has been used successfully, 
it is a complex process with its own intrinsic short- and long-term complications 
[24]. Second, synthesis of the responsible mutant protein can be suppressed. 
Several approaches based on specifically interrupting stability of TTR messenger 
RNA through RNAi have been developed. (Carriers of TTR mutations are usually 
heterozygotes, so these approaches generally reduce levels of both mutant and 
normal TTR—apparently, a reduced concentration of TTR is well-tolerated.) Third, 
the circulating tetramer can be stabilized by exogenous agents (e.g., Tafamidis™) 
to shift the equilibrium away from dissociation (and, hence, minimize oligomer 
formation). These approaches show promise [25, 26].

For neurologic disorders where the underlying problem is likely intracellular 
(e.g., α-synuclein and β-protein), the above approaches have not been feasible. It is 
more likely that clarification of complex intracellular pathways will be required in 
order to develop approaches to prevent and/or interrupt fibril accumulation in these 
and related conditions.

7. Conclusions

Amyloid formation and related disorders present examples of situations where 
there is fundamental dependence on protein structure, its variation(s), abundance, 
and the consequences of alternative conformation(s). Because the molecules 
involved are quite different for each type of amyloid disease, different organs may 
be involved, and stabilizing or eliminating the precursors likely will vary. Successful 
therapeutic intervention will likely be unique to each type of amyloidosis. The basic 
concerns are similar, however, and considerable progress has already clarified both 
the problem(s) and the options.
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Chapter 11

Neuroprotective Function of Non-
Proteolytic Amyloid-β Chaperones 
in Alzheimer’s Disease
Bhargy Sharma and Konstantin Pervushin

Abstract

This chapter attempts to explore protective role of chaperone proteins in the 
neurodegenerative diseases caused by amyloidosis. These chaperones prevent amy-
loid pathology either directly, through chemical interactions with amyloidogenic 
species to mediate their refolding, solubilization and degradation, or indirectly, by 
scavenging reactive oxygen species produced as by-products of amyloid aggrega-
tion. Here we focus on structural and morphological changes during aggregation of 
amyloids which have been identified using Nuclear magnetic resonance spectros-
copy, X-ray crystallography, Electron microscopy, Atomic force microscopy and 
other biophysical techniques as well as interactions between chaperone proteins 
and amyloid moieties. Non-proteolytic chaperones mediate amyloid clearance 
and metabolism through conformational changes due to proximity binding. In 
this chapter, we delineate these interactions as well as the molecular mechanism of 
chaperones used to sequester ROS products of amyloidosis with focus on amyloid-β 
peptides associated with the Alzheimer’s disease.

Keywords: amyloid-β, structural biology, aggregation, chaperone, neuroprotection, 
Alzheimer’s disease

1. Introduction

Abnormal deposition of amyloids or “Amyloidosis” is hallmark of several 
chronic cerebrovascular diseases including neurodegeneration culminating into 
dementia. Efforts to develop targeted drugs against amyloids have been hindered 
since there is no universal mechanism that leads to protein misfolding or aggrega-
tion, and the aggregates usually do not correspond directly to clinical symptoms 
of the diseases. A clearer understanding of molecular interactions of amyloids can 
drive the ongoing therapeutic efforts to prevent aggregation of nascent amyloids 
into pathological species and to design timely interventions. In addition to aging, 
precursor mutations in genes and proteins, gene multiplication, expansion of 
amyloidogenic sequences, and xenobiotics such as air pollutants are risk factors 
usually associated with amyloidosis disorders [1]. There are different amyloido-
genic species causing a variety of neuropathic diseases such as Alzheimer’s disease 
(AD), Parkinson’s disease (PD), Poly-glutamine disorders like Huntington disease 
(HD), Prion diseases including Creutzfeldt-Jakob disease, Lewy body disease, 
Amyotrophic Lateral Sclerosis (ALS) as well as metabolic diseases such as type II 
diabetes (T2D) and corneal dystrophy to name a few [2]. AD is a pandemic form of 
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dementia caused due to improper aggregation of amyloidogenic proteins-amyloid-β 
(Aβ), which is a cleavage product of amyloid precursor protein (APP) and tau, 
stabilizes microtubules in neurons [3]. Prognosis is also closely associated with 
aggregation of α-Synuclein (αS) protein into Lewy bodies usually concentrated in 
presynaptic terminals [4]. Human islet amyloid polypeptide (IAPP), also known as 
amylin, is secreted along with insulin from pancreatic β-islet cells. IAPP rich amy-
loid plaques, facilitated by insulin resistance, are hallmarks of T2D [5]. β-sheeted 
infectious isoform of cellular prion protein (PrP) causes transmissible spongiform 
encephalopathy (TSE), broadly known as prion disease [2].

In this chapter, we review various structures and conformations attained by Aβ 
peptides during the process of aggregation. We begin with introducing different 
morphologies and conformations attained by amyloids during this process. We 
outline mechanisms of amyloid pathology, either directly mediated by aggregates 
or indirectly through generation of oxidative stress. We have briefly alluded to 
chaperone functions of Heat shock protein (Hsp) family and their interactions 
to different amyloid structures as well as intracellular protease mechanisms. It is 
important to note that such intracellular proteases are almost entirely inefficient in 
dealing with large insoluble plaques. Here we emphasize on additional endogenous 
proteins which show potential as chaperones, albeit through different mecha-
nisms. Towards the end, we discuss the role of oxidative stress in accelerating 
AD pathology and the effect of Aβ interactions with metal species. Mechanisms 
to alleviate oxidative stress and their possible protective role in AD have been 
discussed.

2. Structural and biophysical basis of amyloid aggregation

Membrane glycoprotein APP is cleaved by β-secretase and γ-secretase enzymes 
generating 36–49 residue long peptides, among which amyloidogenic Aβ(1–40) and 
Aβ(1–42) are well-known culprits in AD [6]. Unstructured monomeric amyloids 
polymerize to form fibrillar structures with characteristic cross-β morphology 
formed by in-register β-sheets which align parallel to the fibrillar axis whereas 
perpendicularly extended side-chains pack closely to form tight steric zippers [2]. 
Nuclear magnetic resonance (NMR) spectroscopy studies on amyloid monomers 
or fibrillar structures to identify characteristic dynamic structural features. X-ray 
crystallographic studies have helped in identifying structural motifs through fiber 
diffraction and mass-per-length studies through EM provide information regarding 
specific symmetries identified in filaments. NMR models of Aβ monomeric peptides 
show predominantly α-helices with propensity to convert into β-sheets [6]. The 
α-helical conformation is also observed among on-pathway transient intermediates, 
possibly mediated by interactions of hydrophilic N-terminal residues [7]. These 
intermediates then give way to β-sheet conformation in higher oligomeric species 
which eventually transition into mature fibrils. In vitro aggregation of Aβ monomers 
into fibrils can be carefully curated to obtained different fibril morphology. In solid 
state nuclear magnetic resonance (ssNMR) spectra, cross-peaks originating from 
hydrophobic core and C-terminal regions within amyloid fibrils, prepared without 
seeding indicate presence of polymorphs. Formation of homogenous fibrils from 
Aβ(1–42) seeds precludes aggregation of Aβ(1–40) [8].

αS binds to neuronal membranes in a highly α-helical state as opposed to the 
unfolded monomeric conformation [7]. The antipathic N-terminal sequence has 
tendency to form α-helical conformation, central region from aa 61–95 is highly 
hydrophobic and amyloidogenic, and the C-terminal domain provides flexibility 
to the protein without attaining any specific structure [7]. Prefibrillar αS shows 
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conformational plasticity and the soluble monomers combine to form unstable 
dimeric molecules which further aggregate into higher oligomers and fibrils. IAPP 
structure in detergent micelles shows a helical conformation kinked around residue 
His18 at neutral pH and an extended α-helix in acidic conditions; thus the ability to 
attain specific conformation also depends on its chemical environment [5].

2.1 Morphological differences in amyloid aggregates

Disordered or misfolded monomers can convert into a range of amyloid species, 
e.g., spherical oligomers, amorphous aggregates, annular oligomers, protofibrils, 
inclusion bodies or insoluble fibrils, based on the pathological pathways (Table 1). 
Dynamic intermediate oligomers form transient structures facilitating on-pathway 
conversion from misfolded monomers to fibrils. The spherical and annular aggre-
gates get generated off-pathway and contribute highly to amyloid mediated neuro-
toxicity [2, 9]. The Lewy bodies formed by αS are example of intracellular amyloid 
inclusions [10]. Formation of a specific aggregated form is usually controlled by pro-
cess of nucleation. In primary nucleation, seeds are formed by spontaneous aggrega-
tion of monomers followed by fibril elongation, whereas fragments from mature 
fibrils recruit monomers to facilitate the polymerization in secondary nucleation pro-
cess. However, this process is specific to monomeric species; seeding with Aβ(1–42) 
fibrils does not contribute to aggregation of Aβ(1–40) [8]. Comparison between 
kinetic profiles of seeded and non-seeded Aβ(1–40) suggest that aggregation follows 
the seeded fibrils template [8]. Monomeric Aβ(1–40) samples form striated ribbons 
under constant agitation, and twisted fibrils under undisturbed conditions [11]. 
NMR can also be used to study kinetics of oligomer interactions by utilizing the 
constant exchange of detectable monomers with other invisible oligomeric species, 
through saturation transfer difference (STD) experiments [12]. Amyloid fibrils 
show protease resistance and are insoluble in detergents. However, their affinity to 
small lipophilic molecules is amenable for detection through biophysical assays using 
Congo red and thioflavin dyes [13]. These fluorescent dyes can be used to quantify 
β-sheet rich amyloid fibrils under laboratory conditions where fluorescent intensity 
linearly correlates with fibril formation [14]. Morphology of amyloid fibrils can be 
studied using transmission electron microscopy (TEM) by observing diffraction 
patterns. Whether fibrils form a ribbon-like or a striated pattern, can be calculated 
by mass-per-length constraints [15]. Different amyloid structures can be categorized 

Amyloid 
structure

Structure/symmetry Toxicity Relevance Refs.

Monomer Disordered, random coil Non-toxic On 
pathway*

[20]

Small oligomers Rich in β-sheet (spherical, annular, 
ADDLs)

Toxic On pathway [21, 22]

Amyloid 
inclusions

Amorphous aggregates Non-toxic Off 
pathway

[2, 23]

Protofilaments Homogenous, up to 200 nm long Toxic On pathway [24]

Fibrils Cross-β Non-toxic On pathway [25]

Plaque Amorphous meshworks, fibril 
bundles, amyloid stars

Non-toxic — [26]

*On-pathway structures are intermediates involved in aggregation of amyloids into fibrils.

Table 1. 
Summary of amyloid structures observed in AD.
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Amyloid 
structure

Structure/symmetry Toxicity Relevance Refs.

Monomer Disordered, random coil Non-toxic On 
pathway*

[20]

Small oligomers Rich in β-sheet (spherical, annular, 
ADDLs)

Toxic On pathway [21, 22]

Amyloid 
inclusions

Amorphous aggregates Non-toxic Off 
pathway

[2, 23]

Protofilaments Homogenous, up to 200 nm long Toxic On pathway [24]

Fibrils Cross-β Non-toxic On pathway [25]

Plaque Amorphous meshworks, fibril 
bundles, amyloid stars

Non-toxic — [26]

*On-pathway structures are intermediates involved in aggregation of amyloids into fibrils.

Table 1. 
Summary of amyloid structures observed in AD.
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based on symmetry and periodicity with these methods [16]. Aβ40 fibrils structure 
have either 2-fold (2A) or 3-fold (3Q ) rotational symmetry with a twisted morphol-
ogy with periodicity of 120 ± 20 nm, and roughly 8 nm width [2, 11]. IAPP fibrils 
also lead to formation of striated and twisted ribbons [11].

2.2 Structural properties of amyloid aggregates

Basic structural architecture of amyloid fibrils consists of a characteristic 4.7 Å 
repeat through the cross-β structure [2]. Still, there exist some variations in mor-
phology of different Aβ fibrils; the C-terminus in Aβ(1–40) is hidden within the 
core, while the corresponding residues are exposed on the surface of Aβ(1–42) [10]. 
Solid state NMR studies of amyloid fibril structures employ 2D dipolar-assisted 
rotation resonance (DARR) experiments and frequency selective rotational-echo 
double resonance (REDOR) experiments along with distance measurements 
between 13C-13C and 13C-15N nuclei [8]. Studies of Aβ(1–42) fibrils using ssNMR 
suggested unidirectional protofibril growth with two molecules coming together 
to form parallel intermolecular β-sheets. The ssNMR structure of homogeneous 
Aβ(1–42) fibrils (PDB ID: 2MXU) exhibits triple-β-strands encompassing residues 
12–18, 24–33 and 36–40 respectively, connected by coil-and-turns at residues 
19–23 and 34–42 [8]. The other structure of Aβ(1–42) fibrils with oxidized Met35 
(PDB:2BEG), suggests structural inhomogeneity in N-terminal residues from 1 to 
17 and presence of two β-strands in residues 18–26 and 31–42, respectively [17]. 
The AD related Aβ(1–42) polymorph shows double-horseshoe like cross-β structure 
where N terminus of monomeric Aβ(1–42) has L shape and the C terminus takes 
an S-shape. The structure comprises five in-register parallel strands with each fibril 
layer comprising of two molecules with hydrophobic side chains buried maximally 
[16]. In addition to hydrophobic core, parallel β-sheets also show polar zipper inter-
actions through intermolecular hydrogen bonds. A recent 4.0 Å resolution ssNMR-
cryoEM hybrid structure (PDB ID: 5OQV) of intertwined Aβ(1–42) protofilaments 
showed an approximate 21 screw helical symmetry with 4.67 Å rise [18]. This impli-
cated step-wise shift between the subunits is similar to tau dimers. Three hydro-
phobic clusters involving Ala, Val, Phe, Leu, Ile, and Met residues expand along the 
fibril axis and contribute to overall stability of fibrils [18]. Tertiary interactions in 
Aβ(1–42) fibrils are different compared to Aβ(1–40) fibrils owing to differences in 
side-chain packaging in hydrophobic core of protofilaments [17]. The N-terminus 
of Aβ(1–40) peptides is disordered and highly prone to proteolysis whereas the 
ordered region from tyrosine residue onwards acquires a double-layered structure 
with a “β-arch” motif where two β-strands are separated by a short loop [19]. This 
motif is stabilized by formation of a salt bridge between Asp23 and Lys28 across the 
bend. Interactions between Lys28 and Ala42 observed in these fibrils differ to those 
found in Aβ(1–40) [8]. Similarly, salt bridges between Asp1 and Lys28, Asp7 and 
Arg5, Glu11 and His6 and His13, and Asn-Gln ladders further contribute to stability 
of the Aβ(1–42) fibril structure [16, 18]. Point mutations introduced in basic amino 
acid sequences lead to varied fibril architecture compared to the wild-type Aβ40 
fibrils [2].

NMR structure of tau monomers shows detectable propensity to β-sheet, 
poly-proline helices and transient α-helical conformations. Aggregation of the 
R3 fragment consisting of 26 amino acid residues is strongly associated with 
formation of fibrils in the presence of polyanions as well as during self-assembly 
of pristine tau [7]. Phosphorylation of serine and threonine residues stabilize 
the α-helical conformation. αS fibrils acquire an overall assembly that mimics a 
Greek key as seen in atomic resolution structure of purified protein [7].
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2.3 Role of amyloidosis in AD pathology

Amyloidosis in cerebrovascular system is mediated through aggregation of 
wild type proteins as the consequence of multivalent interactions in intrinsically 
disordered proteins or regions of proteins, mutations in amyloidogenic precur-
sors, expansion of repeats in the amyloidogenic sequences, actions of proteases 
or chemical modifications on the precursor sequences, overexpression of the pre-
cursor, liquid–liquid phase separation, actions of small metabolites or age-related 
cell death [27–31]. The number of human proteins capable of causing amyloidosis 
has exceeded 50 and are associated with many neurological disorders based of 
variations in the disease precursors [2]. Different oligomeric and morphologically 
distinct species affect cells and tissues in different manner. Amyloid oligomers 
can be cytotoxic with the long-term potentiation disrupting membranes to cause 
ion permeability and homeostasis imbalance [2]. Fully matured fibrils contribute 
to the disease by disturbing lipid membranes and thus interfere with the general 
membrane bound cellular organelles, or by forming physical barriers which dis-
rupt inter-cellular communications [2]. Structural inhomogeneity was observed 
in fibrils from the different clinical variants of amyloids in AD. Differences in 
morphology of Aβ aggregates can change the phenotype observed in different 
forms of AD. While a single Aβ structure is found in brain cortex in the cases 
of typical prolonged duration AD, different polymorphs are found in the cases 
of rapidly progressive form of AD [32]. There are six isoforms of tau protein in 
brain and CNS, longest one containing a stretch of 441 amino acids, with high 
tendency for phosphorylation and self-assembly. Tau filaments cause different 
tauopathies, including neurofibrillary tangles in AD [7]. Neurofibrillary tangles 
and neuropil threads are predominantly tau aggregates localized in neuronal cell 
bodies and processes, respectively, whereas the mature Aβ plaques are present 
extracellularly [33].

2.4 Toxicity of amyloid aggregates

Aβ(1–42) is more potent fibrillogenic Aβ variant in human brain, yet its con-
centration accounts for only about 5–10% of Aβ(1–40) concentration produced 
[33]. Accumulation of Aβ(1–42) in brain and cerebrovascular system due to its 
aggregation propensity, and by extension, the relative ratio of Aβ(1–42): Aβ(1–40) 
is a biomarker for AD [33]. Aβ(1–40) fibrils are less toxic compared to Aβ(1–42) 
fibrils which show differential toxicity and Aβ(1–43) fibrils are most cytotoxic 
[10]. Soluble Aβ in the form of low-n oligomers, Aβ-derived diffusible ligands 
and protofibrils are among major toxic contributors towards AD pathology [34]. 
Interactions of oligomeric species with other molecular complexes, metal ions and 
cellular membranes also impact the extent of their toxic effects in brain. N-terminus 
truncated Aβ peptides (Aβ(n–42), where n can vary from 2 to 11) are highly toxic 
and are usually present in Aβ deposits in AD brain [7]. Peptides cleaved at positions 
3 or 11 are prone to pyroglutamylation and prominent components of Aβ deposits, 
likely owing to their resistance to proteolytic degradation [35]. αS is a major com-
ponent of Lewy bodies and neurites causing neurotoxicity through dopaminergic 
mechanism and these aggregates are key identifiers for PD and Lewy body demen-
tia [7]. Detection of αS aggregates early in peripheral nervous system can serve as 
early biomarkers before motor disabilities develop in PD patients [36]. Horizontal 
transfer of amyloid aggregates and oligomers between cells also contributes to 
propagation of disease pathology [37]. IAPP oligomers can impair insulin secretion 
in pancreatic cells and cause cell death and cellular uncoupling [7].
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3. β-Amyloid chaperones

The main function of molecular chaperones is to facilitate their protein targets 
acquire proper functional conformation or fold into correct oligomeric assemblies 
[38]. Several proteins have been shown to bind misfolded amyloids and inhibit 
amyloid aggregation or promote refolding of polymorphs. They usually play other 
physiological roles, yet show tendency to prevent amyloidosis under specific 
stimuli. We will discuss some of these non-proteolytic chaperones in more detail 
below. Additionally, albumin binding to polymeric Aβ, α1-antitrypsin, immuno-
globulins A and G are endogenous human cerebrospinal fluid (CSF) proteins with 
capability to control amyloid formation, although the inhibitory activity is lesser by 
two orders of magnitude compared to plasma [39].

3.1 Heat shock proteins

Heat shock proteins (Hsp) are the most commonly known chaperones in 
human body, divided into five classes Hsp70, Hsp90, Hsp60, Hsp40, and small 
Hsps, differing in protein size. Chaperones in Hsp60 and Hsp70 family mediate 
folding, Hsp33 family hold partially folded proteins till other chaperones or degra-
dation system can act, and Hsp104 promotes solubilization of aggregated proteins 
[38]. Mutations in αA- or αB-crystallin and other small heat shock proteins have 
been linked to increased risk of certain amyloidosis conditions [40]. Hsp70 and 
Hsp90 are capable of utilizing ATP molecules to perform energy costly unfolding 
of stable misfolded aggregates and then convert them into properly folded confor-
mations. Similarly other members like Hsp110 can act as disaggregases to forcibly 
solubilize preformed fibrillar aggregates [41]. Hsp70 recognizes KFERQ motif 
in proteins to mediate degradation by transporting them to lysosomal compart-
ments inside the cell, a typical example of chaperone mediated autophagy [41]. 
Disaggregation machinery in humans mainly involves proteins from Hsp family 
namely, Hsp110, Hsp105, Hsp100, and Hsp70/40 co-chaperone cognates [41]. 
Proteins in Hsp40 co-chaperone family, mainly DnaJB6 and B8, can decrease the 
aggregation of polyglutamine peptides in HD in addition to modulating Hsp70 
activity [41]. Binding of misfolded proteins and interaction with ATPase domain 
of Hsp70 are achieved via the highly conserved J domain. Anti-aggregation activity 
of Hsps, especially Hsp70, is at least partially dependent on presence of ATP [42]. 
ADP-bound forms of Hsp70 is generated as a result of the ATP hydrolysis by its co-
chaperones. This form has high affinity for the hydrophobic residues in misfolded 
peptides and holds the unfolded ensemble till it spontaneously achieved proper 
conformational populations. Small Hsps (12–42 KDa) do not require ATP since 
they usually function as holdases and assist other proteins in Hsp chaperone com-
plex [41]. Hsp104 is part of proteostasis network which regulates prion assembly 
in yeast, Hsp110 is its human counterpart which facilitates chaperone function of 
Hsp70 and Hsp40 [43]. Hsp90 and its co-chaperones interact with tau and a close 
control on their interaction can cause the oligomers to turn into benign species 
instead of toxic aggregates [44]. Free Hsp90 binds and releases substrates in its 
monomeric extended form, and attains a dimeric ATP-bound closed conformation 
mediate by co-chaperones p23/Sba1, Hsp70/90 organizing protein (HOP), Cdc37 
and other proteins [41, 45]. Hsp60 chaperonins are mainly located in mitochon-
dria and form heptameric, double ring complexes which provide isolated environ-
ment for protein folding with co-chaperonins Hsp10 forming the lid of this cavity. 
Unlike Hsp60, the cytosolic chaperonins in neurons such as TCP-1 Ring Complex 
(TRiC or CCT), do not require co-chaperones for their function and form a double 
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ring complex with each ring consisting of eight subunits. Hsp60 can interact with 
mutant αS in PD brain [41]. B-chain of monomeric or dimeric insulin can bind to 
IAPP monomers, thus preventing their aggregation [7]. Presence of chaperone 
proteins such as Hsp27 (HSPB1), αB-crystallin (HSPB5) and Hsp70 (HSPA1A) 
can decrease cell toxicity, possibly by binding Aβ oligomers and converting them 
to larger less toxic aggregates, however it not clear whether they bring about any 
change in secondary or tertiary structure [44]. HSPA6 is induced in neurons post 
heat shock, unlike other members of this family HSPA1A and HSP8, thus has a 
unique probable role as a human neuronal chaperone [46]. Hsp70 and Hsp90 have 
differential roles in case of inflammation and macrophage recruitment. Hsp90 
can also stabilize neurotoxic proteins and should be carefully controlled to achieve 
required therapeutic outcomes.

3.2 Intracellular degradation machinery

Molecular chaperones are capable of binding and folding intracellular soluble 
amyloid aggregates, however solubilization of amyloid plaques is out of scope 
for these proteins. While these chaperones may not be able to completely reverse 
neurodegenerative symptoms, they play crucial anti-apoptotic functions through 
protein folding and degradation of unfolded or misfolded proteins. There are 
fundamental mechanisms underlying a chaperone function, namely, unfolded 
protein response (UPR), protein compartmentalization, heat shock response, 
chaperone-mediated autophagy and lysosome system, ER associated degradation 
(ERAD) and ubiquitin-proteasome system (UPS) [46]. Extracellular chaperones 
mediate proper protein folding and refolding by providing isolated environment 
or through intermolecular interactions. If proper folding cannot be achieved, they 
may play a role in mediating intracellular proteasomal degradation or microglial 
digestion of unfolded protein fragments. Cytosolic chaperone systems like Hsp70 
and Hsp40, comprising heat shock cognate 70 (Hsc70), and their interacting pro-
teins like C-terminus of Hsc70-interacting protein (CHIP) can mediate targeting 
of misfolded proteins to proteasome machinery [38]. Intracellular pathways for 
degradation of misfolded proteins include the UPS, 26S proteasome and lysosome-
mediated phagocytosis [9]. Hsp70 recruits misfolded proteins, especially αS, for 
degradation by directing them to proteasomes or autophagy-lysosomal pathway 
[44]. UPS comprises of a cascade of enzymes E1 (Ub activating enzyme), E2 (Ub 
conjugating enzyme) and E3 (Ub ligase) facilitating binding of ubiquitin (Ub) 
to target proteins. Ligase enzymes in this cascade can employ chaperone proteins 
such as Hsc70 for recognition of exposed hydrophobic regions misfolded peptides 
and together mediate proteolysis of misfolded intracellular proteins. E4 enzyme 
from UPS can recruit additional Ub molecules to the protein substrate which can 
be either directed for degradation or other protein interactions based on their 
topology [41]. 26S proteasome particles degrades polyUb-conjugated proteins 
with the help of its two 19S regulatory particles responsible for recognition and 
de-ubiquitination and a 20S core particle through which proteolysis of these sub-
strates into short peptides is mediated [41]. ERAD withholds misfolded proteins 
from continuing with on-going cargo to golgi apparatus for further downstream 
processes. UPR is initiated by migration of transcription factors to the nucleus 
causing upregulation of ER chaperones-encoding gene expression in response 
to increasing in unfolded proteins, such as Aβ aggregates in neuronal ER, which 
require assistance of chaperones present in the ER [47, 48]. Reduction in UPS 
proteolytic activity is linked with disease pathology in AD, PD, ALS, HD as well 
as TSEs.
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from UPS can recruit additional Ub molecules to the protein substrate which can 
be either directed for degradation or other protein interactions based on their 
topology [41]. 26S proteasome particles degrades polyUb-conjugated proteins 
with the help of its two 19S regulatory particles responsible for recognition and 
de-ubiquitination and a 20S core particle through which proteolysis of these sub-
strates into short peptides is mediated [41]. ERAD withholds misfolded proteins 
from continuing with on-going cargo to golgi apparatus for further downstream 
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3.3 Non-proteolytic amyloid chaperones

Aging is a major risk factor for many neurodegenerative diseases. The UPS 
system is known to get deregulated with increase in neuronal age and therefore 
offers less resistance to pathological protein aggregates. Proteins such as Human 
serum albumin show competitive binding towards Aβ oligomers, with its different 
domains binding to many oligomeric molecules [12]. It binds almost 90% of plasma 
Aβ peptides potentially through dual binding mechanism involving Aβ(1-40) 
monomers and protofibrils likely utilizing residues involved in fibril formation.

Here we suggest non-proteolytic endogenous proteins which show potential 
as AD therapeutics directed against Aβ, namely, Lipocalin-type prostaglandin 
D synthase (L-PGDS, also known as β-trace), apolipoprotein E (ApoE), α2 
macroglobulin (α2M), haptoglobin and clusterin as alternatives to intracellular 
Aβ degradation machinery. These proteins have been sporadically studied for 
their holdase or transporter activity, yet their Aβ chaperone function is still 
unexplored. L-PGDS is the second most abundant protein in human CSF after 
albumin [49]. It exhibits dual functions, as a lipophilic ligand transporter in cells 
and as isomerase in arachidonic acid pathway to convert prostaglandin H2 to 
prostaglandin D2 [50]. L-PGDS plays protective roles in different neurological 
diseases including genetic demyelinating disease, brain injuries and multiple 
sclerosis [51]. It plays protective role against cerebral ischemia as well [52]. It 
promotes recruitment of astrocytes and glial cells to the source of injury [53]. 
Early stress stimulus can upregulate L-PGDS suggesting its unknown, yet novel 
stress protection mechanism. L-PGDS deficient mice showed additional neuro-
nal apoptosis strongly indicating its important protective function in neurons 
and surrounding oligodendrocytes [51]. L-PGDS binds to various Aβ peptides 
including fibrils and is colocalized in Aβ plaques [54]. Furthermore, Aβ is physi-
ologically secreted to CSF under normal conditions where L-PGDS is abundant. 
L-PGDS ratio in CSF:serum is already identified as early biomarker for detection 
of potential damage to blood–brain barrier and quantifying its complex with 
transthyretin in CSF is also suggested to be a possible diagnostic marker [55]. 
L-PGDS colocalizes with amyloid plaques and mediates inhibition of aggregates 
through cysteine residue [54]. Based on previous studies and our own findings, 
we posit that secreted L-PGDS binds to monomeric and prefibrillar Aβ and 
inhibits amyloid aggregation in synergy with its ability to break down mature 
fibrils.

α2M is also an extracellular glycoprotein showing potential chaperone proper-
ties. It can prevent proteases from hydrolyzing proteins and mediates Aβ clearance 
through formation of α2M/protease complexes [56]. It protects cells from apoptosis 
through receptor interactions. α2M selectively binds proteins in non-native confor-
mations and in process prevents their aggregation [56]. α2M decreases with age and 
its clearance mechanisms for Aβ get impaired [57]. A2M gene polymorphisms are 
associated with sporadic AD in some populations and α2M is also present in amyloid 
plaques [58]. ApoE isoforms E2, E3 and E4 can delay amyloid aggregation through 
differential activity as extracellular chaperones [59]. The suggested role of apoE4 
as pathological chaperone is partly due to its role in delaying fibril formation from 
Aβ monomers leading to increase in toxic oligomeric species [60]. Isoform E3 and 
E2 show binding affinity to oligomeric Aβ as well, thus decreasing their neurotoxic 
effects [61]. Clusterin, or apolipoprotein J, is also extracellularly secreted and 
moonlights as a chaperone upon cellular stress stimulus [62]. Very similar to sHsps in 
its chaperone activity, clusterin preferentially interacts with off-pathway aggregates 
which are highly toxic and prone to precipitation [63]. Haptoglobin is very similar 
to α2M as an extracellular chaperone glycoprotein, though is activated in acidic 
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environment and interacts with prefibrillar amyloids to prevent further aggrega-
tion [64]. These endogenous proteins and many others may play very important yet 
undiscovered role to maintain proteostasis in physiological environment.

Ig antibodies such as aducanumab, targeting specific oligomeric forms of Aβ 
have already reached clinical trials, showing promising therapeutic effects focus-
ing on delaying cognitive decline. However recent withdrawals of some of these 
antibodies like bapineuzumab and solanezumab, have forced scientists to look for 
more robust options [65]. Enzymes such as insulin degrading enzymes, neprilysin, 
cathepsin B are capable of degrading amyloidogenic peptides. Enzymes belong-
ing to peptidyl-prolyl cis/trans isomerase (PPIase) family, e.g., CypB, can convert 

Chaperone Function Amyloid  
species

Chromosomal 
and cellular 
location

Brain 
expression 
levels 
(HPA) [66]

Refs.

Hsp70  
(DnaK)

Holdase Nascent 
amyloids and 
oligomers

6p21; 
intracellular

66.3 TPM [42, 67, 
68]

Hsp90 Holdase Nascent 
amyloids and 
oligomers

14q32; 
intracellular

1021.5 TPM [69, 
70]

Hsp40  
(DnaJ)

Holdase; 
disaggregase 
in ternary 
complex

Higher order 
aggregates

19p13; 
intracellular

110.5 TPM [71]

αB crystallin 
(Hsp27)

Holdase Amyloid  
fibrils

11q23; 
intracellular, 
membrane

1888.7 TPM [72]

Hsp110 Disaggregase; 
holdase

Prefibrillar 
oligomers

13q12; 
intracellular

109.4 TPM [73]

Hsp28 (sHsp) Holdase Unfolded or 
misfolded 
proteins

7q11; 
intracellular

98.7 TPM [74]

Hsc70  
(HSPA8)

Chaperone 
mediate 
autophagy

Nascent 
polypeptides

11q24; 
intracellular

1119.0 TPM [75]

Hsp60 Chaperonin Early 
oligomeric 
species

2q33; 
intracellular

141.6 TPM [76, 
77]

STUB1  
(CHIP)

Ubiquitin-
mediated 
protein 
degradation

Misfolded 
protein 
aggregated

16p13; 
intracellular

137.7 TPM [78]

L-PGDS  
(β-trace)

Aggregation 
inhibitor

Monomers, 
fibrils

9q34; secreted 1224.7 TPM [54]

Clusterin  
(ApoJ)

Stabilizer Senile 
plaques/
diffusible 
aggregates

8p21; secreted 10875.4 
TPM

[79]

α2-Macroglobulin Inhibitor Prefibrillar 
species

12p13; 
extracellular

172.0 TPM [80]

Table 2. 
Mode of function of endogenous amyloid chaperones.
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proline containing peptides from cis to trans conformational isomers thereby 
facilitating their folding process [47]. Some inherently amyloidogenic proteins 
such as PrP, hTTR and BRICHOS-domain containing proteins can paradoxically 
also inhibit aggregation of other amyloids. BRICHOS-domain containing protein 
ITM2B (Bri2) is a CNS membrane protein which shows chaperone functions for 
amyloids by binding to tyrosine and other charged residues [43]. Tetrameric form 
of Transthyretin (TTR) can also prevent aggregation of amyloid oligomers [44]. In 
recent years, some small molecules have also been put forward as possible inhibi-
tors of amyloid aggregation—such as polyphenols, e.g., epigallocatechin gallate 
(EGCG), curcumin, resveratrol, etc. [7, 12]. Understanding inhibition mechanisms 
of non-proteolytic endogenous chaperone proteins and other molecules is very 
crucial to develop therapies targeting amyloid aggregates in AD (Table 2).

4. Oxidative stress

Oxidative stress in human body is mainly mediated by reactive oxygen species 
(ROS) including hydrogen peroxide (H2O2), hydroxyl free radical (•OH), superoxide 
(O2

•−), peroxyl (•OOR), hypochlorous acid (HOCl), nitric oxide (NO), peroxyni-
trite (ONOO−) and other reactive nitrogen species. Increase in concentration of 
these reactive species can trigger downregulation of antioxidant enzymes such as 
superoxide dismutase (SOD), glutathione peroxidase, catalase, thioredoxin and 
small molecules such as melatonin and coumarin [81]. Endogenous sources of ROS 
include components in mitochondrial electron transport chain and NADPH oxidase, 
which can trigger pathological responses leading to lipid peroxidation, DNA dam-
age and cell death mediated by toxic products. Amyloid plaques have been shown 
to contain multi-fold concentrations of metals like iron (Fe), copper (Cu) and zinc 
(Zn) [81]. Intracellular Aβ can also trigger production of highly toxic molecules 
such as 4-hydroxyl-2,3-nonenal (HNE) and malandialdehyde through interactions 
with Fe or Cu which can catalyze Fenton reactions to generate more OH− ions. 
Hydroxyl radicals can also be generated from other brain ROS through Haber-Weiss 
reaction, particularly within mitochondria which are most prone to such oxida-
tive damage [82]. Such ROS are generated as by-products of amyloid aggregation 
and are involved with metallobiology of dementia. High concentrations of Fe in 
brain have drastic effects in cases of dementia leading to cognitive decline through 
interactions with brain amyloids [83]. Metal ions are crucial for many brain func-
tions and Fe and Cu even possess active sites for binding antioxidant SOD. However, 
increase in concentrations of some of these metals can cause high levels of toxicity. 
Twenty percent of cases in familial ALS is affected by mutation in a single enzyme 
SOD1 functionally affected by Cu/Zn [83]. Metal ions have propensity to bind high 
affinity, well-protected and redox-shielded binding sites of proteins, and in higher 
concentrations they can bind to other putative active sites in proteins involved in 
pathology of various degenerative diseases [84]. While zinc compounds have been 
tested for their probable therapeutic role in overcoming cognitive degeneration, 
Zn2+ ion has also been implicated as a contributor to formation of amyloid plaques 
which act as metal sinks [84]. Such mitochondrial damage and mutations have been 
associated with age related late-onset, non-autosomal dominant AD pathology [85].

4.1 Amyloid-β and oxidative stress

Aβ binds and reduces Fe3+ and Cu2+ in presence of endogenous reducing agents 
to generate H2O2 further producing other partially ROS [86, 87]. Studies have 
revealed the role of metal ions such as Fe, Cu and Zn in inducing Aβ aggregation 
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and oligomerization [88–90]. Brain regions rich in Aβ(1–42) show increased oxida-
tive stress, possibly mediated through redox interactions with the only methionine 
(Met35) present in peptide sequence [91]. Amyloids oligomers can also trigger ROS 
generation [2]. The three histidine residues-His6, His13 and His14, facilitate Aβ 
coordination with transition metal ions. These residues get protonated in acidic envi-
ronment and may increasingly contribute to aggregation at low pH. Cu2+ interacts 
with Aβ and oxidizes sulfur of Met35 to activate formation of disulfide bonds leading 
to dimerization and other oligomeric formations. Soluble oxidized aggregates avoid 
clearance causing enrichment of brain regions with these agglomerates. Aβ peptides 
can successfully recruit ions of metals like Fe, Cu and Zn through sulfide group of 
Met35 and a chelating domain which involves Asp1 and all three histidines, in a bid 
to induce redox complexes capable of bringing about oxidative insults [7]. Dityrosine 
cross-linked Aβ dimers along with nitrotyrosine cross-linked proteins are also associ-
ated with oxidative stress [92]. Cell death from oxidative stress is a cumulative result 
of alteration in proteostasis, protein phosphorylation and glucose metabolism as 
downstream consequences of increase in Aβ42 concentration [91].

4.2 Pathophysiology of ROS

Excessive free radical production as a result of oxidative stress at cellular levels 
causes protein oxidation and lipid peroxidation [91]. Lipid peroxidation leads to 
break down of unsaturated fatty acids among other components of membrane 
phospholipids, leading to accumulation of isoprostanes, acrolein, thiobarbiturate-
reactive substances, etc. [84, 92]. Glutamate receptors overstimulation can trigger 
downstream cell death cascades through increased calcium influx and generation 
of nitric oxide species [48]. 8-hydroxy-2′-deoxyguanosine (OHDG) is one of the 
oxidative markers for DNA, found in PD patients [36]. These products impair 
glucose transport and glutamate uptake, hence contributing to cell apoptosis. ROS 
cause imbalance in metal and ion homeostasis, for example Ca2+, which can trigger 
imbalance in downstream signaling cascades. Oxidative damage can lead to hydrox-
ylation of nucleic acids and carbonylation of proteins. Carbonyls are markers of 
protein oxidation and have been found concentrated in frontal brain regions of AD 
patients [92]. Free radicals generated as result of amyloid oligomerization or aggre-
gation can directly mediate mitochondrial damage which triggers neuronal death 
through downstream pathways, one of them being cytochrome C reduction [48]. 
OS in PD cases may be a result of deregulation of dopamine-iron redox pathway, 
since αS can alter expression of enzymes indirectly regulating dopamine synthesis 
[84]. αS is also known to directly interact with metal ions causing protein aggrega-
tion. ALS is mainly characterized by loss of motor neurons, which combined with 
SOD mutations diminishing its free radical scavenging abilities can exacerbate the 
impacts to oxidative injury [84]. Oxidative markers localized in plaques and NFTs 
are toxic products such as 3-nitrotyrosine, HNE, pyrraline and pentosidine, while 
metal enriched protein carbonyls including ferritin, catalyst, Cu/Zn-SOD and 
Mn-SOD [93].

4.3 Protective mechanisms from ROS

Chaperones can bind ROS generated as by-product of amyloids and thus prevent 
triggering breakdown of homeostasis. α2-Macroglobulin can directly bind Aβ and 
potentially act as a chaperone in addition to its zinc-binding capabilities which can 
help mitigate redox activity of Aβ [94]. Zn2+ is redox-inert and may be helpful in 
mitigating metal mediated Aβ redox activity. ApoE can mediate Aβ clearance as a 
chaperone depending on specific isoform interactions; ε4 may potentially increase 
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and oligomerization [88–90]. Brain regions rich in Aβ(1–42) show increased oxida-
tive stress, possibly mediated through redox interactions with the only methionine 
(Met35) present in peptide sequence [91]. Amyloids oligomers can also trigger ROS 
generation [2]. The three histidine residues-His6, His13 and His14, facilitate Aβ 
coordination with transition metal ions. These residues get protonated in acidic envi-
ronment and may increasingly contribute to aggregation at low pH. Cu2+ interacts 
with Aβ and oxidizes sulfur of Met35 to activate formation of disulfide bonds leading 
to dimerization and other oligomeric formations. Soluble oxidized aggregates avoid 
clearance causing enrichment of brain regions with these agglomerates. Aβ peptides 
can successfully recruit ions of metals like Fe, Cu and Zn through sulfide group of 
Met35 and a chelating domain which involves Asp1 and all three histidines, in a bid 
to induce redox complexes capable of bringing about oxidative insults [7]. Dityrosine 
cross-linked Aβ dimers along with nitrotyrosine cross-linked proteins are also associ-
ated with oxidative stress [92]. Cell death from oxidative stress is a cumulative result 
of alteration in proteostasis, protein phosphorylation and glucose metabolism as 
downstream consequences of increase in Aβ42 concentration [91].

4.2 Pathophysiology of ROS

Excessive free radical production as a result of oxidative stress at cellular levels 
causes protein oxidation and lipid peroxidation [91]. Lipid peroxidation leads to 
break down of unsaturated fatty acids among other components of membrane 
phospholipids, leading to accumulation of isoprostanes, acrolein, thiobarbiturate-
reactive substances, etc. [84, 92]. Glutamate receptors overstimulation can trigger 
downstream cell death cascades through increased calcium influx and generation 
of nitric oxide species [48]. 8-hydroxy-2′-deoxyguanosine (OHDG) is one of the 
oxidative markers for DNA, found in PD patients [36]. These products impair 
glucose transport and glutamate uptake, hence contributing to cell apoptosis. ROS 
cause imbalance in metal and ion homeostasis, for example Ca2+, which can trigger 
imbalance in downstream signaling cascades. Oxidative damage can lead to hydrox-
ylation of nucleic acids and carbonylation of proteins. Carbonyls are markers of 
protein oxidation and have been found concentrated in frontal brain regions of AD 
patients [92]. Free radicals generated as result of amyloid oligomerization or aggre-
gation can directly mediate mitochondrial damage which triggers neuronal death 
through downstream pathways, one of them being cytochrome C reduction [48]. 
OS in PD cases may be a result of deregulation of dopamine-iron redox pathway, 
since αS can alter expression of enzymes indirectly regulating dopamine synthesis 
[84]. αS is also known to directly interact with metal ions causing protein aggrega-
tion. ALS is mainly characterized by loss of motor neurons, which combined with 
SOD mutations diminishing its free radical scavenging abilities can exacerbate the 
impacts to oxidative injury [84]. Oxidative markers localized in plaques and NFTs 
are toxic products such as 3-nitrotyrosine, HNE, pyrraline and pentosidine, while 
metal enriched protein carbonyls including ferritin, catalyst, Cu/Zn-SOD and 
Mn-SOD [93].

4.3 Protective mechanisms from ROS

Chaperones can bind ROS generated as by-product of amyloids and thus prevent 
triggering breakdown of homeostasis. α2-Macroglobulin can directly bind Aβ and 
potentially act as a chaperone in addition to its zinc-binding capabilities which can 
help mitigate redox activity of Aβ [94]. Zn2+ is redox-inert and may be helpful in 
mitigating metal mediated Aβ redox activity. ApoE can mediate Aβ clearance as a 
chaperone depending on specific isoform interactions; ε4 may potentially increase 
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Aβ pathology [95]. ApoE interaction with Aβ is modulated by metals [93]. There are 
two key requirements for metal interactions in dementia-either supplementation 
or chelation [83]. Metal chelators can help solubilization of Aβ plaques. Effects of 
chaperones on metal ions need to be carefully curated to maintain metal homeosta-
sis in brain and other organs of nervous system. Several endogenous brain proteins 
show potential protective response against ROS in diseased brain, including β-trace 
protein, which is the second most abundant protein in CSF. Competitive binding of 
metal ions by chaperone proteins may be advantageous in decreasing generation of 
ROS by-products. Overexpression of metal-affinity proteins have been shown, as 
example of iron-binding ferritin. Antioxidant alpha-tocopherol has been reported 
to potentially slow AD progression in addition to action of metal chelators such as 
clioquinol and desferrioxamine [92]. L-PGDS scavenges ROS and in process pro-
tects against neuronal cell death with its ligand binding function intact [96]. It also 
reduces cytotoxicity mediated by oxidation of heme metabolites such as bilirubin 
[97]. We have found that L-PGDS can directly interact with Aβ-heme complex and 
lower its peroxidase activity (to be published). Other non-proteolytic chaperones 
such as α2M, clusterin and haptoglobin, also show neuroprotective potential in 
similar manner as L-PGDS and are good candidates for more comprehensive oxida-
tive stress related studies.

5. Conclusions

Alzheimer’s disease is a debilitating neurodegenerative condition and is pro-
jected to be a major risk factor for global population by the year 2050 [98]. One 
of the key theories, known as “amyloid cascade hypothesis” postulates that oligo-
merization of amyloid-β (Aβ) in brain is the key pathological event in AD [99]. 
Although complete explanation of causation in AD is yet to be established, it has 
been universally accepted that amyloidosis (perhaps provoked by environmental 
factors) plays a crucial role in AD progression [99–101]. Conformational alterations 
in Aβ which lead to its conversion from soluble peptide to insoluble aggregates 
are considered as a key mechanism in pathogenesis of neurodegenerative diseases 
such as AD [102]. Early amyloid aggregates can act as biomarkers in most dementia 
related maladies and associate observed clinical symptoms to underlying patho-
physiological mechanisms. Till date, we do not have any therapeutic solution for 
aggregation of amyloids. Current gold-standard biomarkers in neurodegeneration 
are neuroimaging systems of degeneration and detectable clinical symptoms repre-
sent pathological changes causing irreversible damage to nervous system [33, 36]. 
Success of theranostic efforts will rely on rational drug design based on a proper 
understanding of molecular structures and mechanisms involved in aggregation. 
Aβ mediates AD pathology through direct inhibition of neuronal interactions 
and signaling cascades, and triggers oxidative stress in the process. Here we have 
discussed mechanisms of action of amyloid chaperones with focus on Aβ chaper-
ones to better understand their modus operandi. Apart from the protein quality 
control machinery and housekeeping complexes responsible for maintaining 
general proteostasis, we have discussed importance of other endogenous chaper-
ones which step up in time of crisis, often as response to stress stimuli. Proteins 
such as L-PGDS, clusterin, α2M have are involved in many physiological processes, 
with elusive function as amyloid chaperones. These proteins can provide alternative 
mechanisms to control amyloid aggregates in events of failure of intracellular Hsp 
complexes and proteasome machinery. Additionally, their affinity to redox active 
components may provide additional protective mechanisms against Aβ mediated 
oxidative stress.
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Abstract

Amyloidosis is a pathological condition which consists on the accumulation of 
fibrillar proteins. This disease is characterized by extracellular amyloid deposits 
with a clinical variability depending on the affected tissue. Histopathological evi-
dence indicates that diabetes mellitus type 2 (DM2) induces dementia development, 
specifically Alzheimer’s disease (AD). It has been demonstrated in animal subjects 
that there is a possibility that aberrant signaling of insulin is a key factor in the 
induction of the pathology of AD. Recently, there has been newly emerged evidence 
regarding the relationship between the pathogenesis of Parkinson’s disease (PD) 
and insulin resistance. On another note, the importance of the amyloid deposits in 
the patients’ pancreas with DM2 was evidenced by the discovery of islets of amyloid 
polypeptide. This has generated interest in the search of the etiopathogenic role of 
DM2 in the carbohydrates’ metabolism. Finally, it is important to consider DM2 as 
a risk factor essential for the formation of deposits of amyloid-β in patients’ brains 
with dementia.

Keywords: diabetes mellitus, insulin resistance, β-amyloid, dementia,  
Alzheimer’s disease, Parkinson’s disease

1. Introduction

Dementia has become a worldwide public health issue that currently affects 50 
million people. The impact of this disease not only affects the patient himself but 
also the family and caretaker. This neurodegenerative disorder is characterized by 
the loss of mental faculties in a progressive and irreversible way which includes 
language alterations, learning and memory, as well as loss of ethical judgment and 
social behavior.
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Alzheimer’s disease is the main cause of dementia, following vascular dementia, 
senil dementia, frontotemporal dementia, and even Parkinson’s disease (P). Age is 
still the main risk factor to suffer from dementia, even though it is a multifactorial 
disorder. Smoking, alcoholism, lack of interest in education, and obesity are factors 
that can increase the risk of developing dementia in an old age [1].

Currently, obesity is another worldwide public health issue. According to the 
World Health Organization (WHO), the majority of the population lives in coun-
tries where overweight and obesity are the cause of more deaths than malnutrition. 
At the same time, obesity is one of the causes of diabetes mellitus (DM) which is a 
chronic disease derived from a failure in the pancreas to produce insulin, necessary 
hormone to process glucose [2].

Studies suggest that insulin is related with the formation of amyloid plaques 
which are histopathological structures, characteristics of some dementias such as 
Alzheimer’s disease (AD) [3]. For this reason, in recent years, DM has been consid-
ered, specifically diabetes mellitus type 2 (DM2, in which the organism is unable to 
use insulin), as an important risk factor for the development of dementia. In this 
chapter, general data about DM and dementias, as well as the importance of DM in 
the formation of amyloid aggregates which converts it in a risk factor for AD and 
Parkinson’s disease (PD), will be discussed.

2. Amyloidosis

Amyloidosis is a chronic disease that is characterized by the extracellular depos-
its of insoluble proteins in one or many organs (systematic amyloidosis). Such dis-
ease is due to the alteration in the metabolism of various proteins which is the origin 
of extracellular accumulation of material resistant to the digestion protein called 
amyloid fibrillar protein [4]. Generally, amyloid deposits are located in a systematic 
way. Amyloidosis can arise by itself (primary amyloidosis) or be a secondary effect 
of many infections, inflammatory disorders, or malignancies in diseases (secondary 
amyloidosis) (Table 1).

One of the most studied amyloid proteins is amyloid-β peptide (Aβ), which 
arises from the proteolictic processing (via amyloidogenic) of the precursor amy-
loid protein (APP) [5]. This peptide is added in an extracellular way and forms 
highly insoluble fibrils that give rise to the amyloid plaques which are found in 
patients’ brains with neurodegenerative diseases such as Alzheimer’s disease. 
Existing evidence has been suggested that monomers of Aβ do not generate a toxic 
environment in the brain parenchyma [6]; however, the oligomers of this peptide 
prevent the synapse and neuronal environment and generate an exacerbated 
inflammation associated with the glia and microgery favoring the production of 

Table 1. 
Amyloidosis classification.
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interleukins triggering the formation of reactive oxygen species that have been 
shown to be toxic, causing neuronal death [7].

3.  Definition, clinical characteristics, and epidemiology of diabetes 
mellitus

DM is a chronic metabolic disease characterized by hyperglycemia caused by a 
deficit of pancreas insulin production known as diabetes mellitus type 1 (DM1) or 
by insulin receptor dysfunction known as diabetes mellitus type 2 (DM2) [2]. DM 
is characterized by the presence of polyuria, polyphagia, and polydipsia. Patients 
present an unexplained weight loss; paresthesia of the extremities and foot pain 
may occur, as well as asthenia and recurrent or complicated infections. If the 
patients are not adequately treated, it can be associated with renal, visual, cardiac, 
intestinal, diabetic ketoacidosis, or diabetic coma complications, and it can lead to 
brain damage [8]. DM is currently considered a risk factor for the development of 
Alzheimer’s disease (AD) and Parkinson’s disease (PD) [3].

In recent years, the prevalence of this disease has increased in a progressive and 
alarming way, becoming a public health problem. The National Center for Chronic 
Disease Prevention and Health Promotion estimates that in 2017, 9.4% of the United 
States population suffers from diabetes, that is, 30.3 million people, of which 21.1 
million people are diagnosed and 7.2 million people who have diabetes have not been 
diagnosed. On the other hand, the last report of the World Health Organization on 
the profiles of countries for diabetes in 2016 reports that in the United States, 3% of 
the population dies from this disease. Table 2 highlights the figures on the number 
of deaths caused by this disease in the five countries with the highest number of 
patients according to the statistics portal Statista.

*Data according to WHO 2016
**Data according to Statista 2017

Table 2. 
Cases and deaths due to diabetes mellitus in the countries with the highest prevalence.
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4. Amyloidosis’ association with diabetes mellitus

Case studies have shown a deep connection in patients who suffer from amyloidosis 
and type 2 diabetes, especially in those with pancreatic damage [9, 10]. Studies have 
focused on a neuro pancreatic hormone called islet amyloid polypeptide (IAPP) or 
amylin, secreted along with insulin by β pancreatic cells, and its possible etiology in 
type 2 diabetes [11]. IAPP functions as a glucose homeostatic regulator, but once it suf-
fers synthetic alterations, it starts to accumulate inside and outside the pancreatic cells 
resulting in apoptosis [12]. Although the specific etiology has remained unknown, 
there have been many hypotheses on what causes these pancreatic amyloid deposits. 
One of the most accepted hypotheses consists of a malfunctioning β pancreatic cell 
which is unable to correctly process amylin, resulting in the installment of amyloid 
proteins inside and outside the cells [13]. Another accepted theory indicates the genetic 
overexpression of amylin, which causes amyloid deposits, although there has not been 
a proven correlation (in humans) between high IAPP circulating levels and glucose 
intolerance [14]. It has been proved that the amino acids within the 26–29 sequence are 
a determinant factor proved in the development of amyloid deposits only in humans, 
simians, and felines, which are presumed to be the only three species to suffer from an 
amyloid deposit diabetes [9, 10, 15, 16]. It has been proved that in 9% of the diabetic 
population, there has been an identified mutation within the promoter region in the 
amyloid gene, increasing its transcription [17–19]. For years it has been proven that 
high blood glucose is not only toxic to β pancreatic cells, but it also generates an overex-
pression on the IAPP gene which contributes to pancreatic amyloid deposits, inducting 
cellular apoptosis [12]. It was never clear whether IAPP was the cause or the conse-
quence of diabetes, but once the genetic mutation in the promoter region was finally 
identified, there is still more research to be done in order to be completely certain.

5. Definition and epidemiology of dementias

Dementia is a syndrome of generalized deterioration, since it involves cognitive-
behavioral damage; is acquired, degenerative in most cases, and multi-etiological; 
and will have repercussions on the family, work, and social life of the person. 
Dementia is also characterized by a decrease in mental faculties of the individual, 
and clinical characteristics may vary depending on the neuropathological process 
of the disease and even the specific characteristics of each person. Symptoms may 
include short-term memory loss, temporary and spatial disorientation, and dif-
ficulty in communication and behavior alterations [20]. The most frequent types of 
dementia include vascular dementia, AD, and PD, although there are other forms 
of dementia such as frontotemporal dementia and dementia caused by Lewy body 
deposits. It usually affects older adults; however, it is not the result of normal aging.

Currently dementia is not considered a social priority in most countries, despite 
the increase in incidence. It is estimated that there are at least 50 million people in 
the world suffering from dementia, with 10 million new cases registered every year. 
WHO statistics indicates that it is expected that by the year 2030 and 2050, the 
figures will, respectively, increase to 76 million and 145 million cases. AD is the main 
cause of dementia, representing at least 60% of cases, with a prevalence of 10–30% in 
the population over 65 years of age [21–23]. On the other hand, PD is the second most 
common neurodegenerative disease after AD which frequently goes through a process 
of dementia. PD has a prevalence between 100 and 300/100,000 of the population 
[24], and it is expected that by 2030 the number of patients duplicates [25–27].

These numbers are alarming, and they represent a really serious situation 
that has not been given the attention and follow-up that is required, because as 
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already mentioned, it has not been a social priority for most countries yet has a 
great economic impact.

6. Diabetes mellitus as a risk factor for dementias

Dementia is a complex disorder of multifactorial etiology that results in altera-
tions in health status changes in lifestyle. It is important to identify the risk factors, 
at an early age, to prevent this disease. There are several factors related to dementia 
such as age [28], ethnic group [29], gender [30], genetic factors [31], physical activ-
ity [32], smoking, alcoholism [33], education level [34], environmental factors, and 
obesity [35, 36]. In addition, in the last decade, DM has been associated as a risk 
factor for dementia, especially DM2, which is also related to obesity.

Damage to cognitive functions has been observed in patients with DM2 compared 
to healthy patients [37, 38]. Individuals with DM2 present alterations in their atten-
tion capacity, execution, processing speed, work memory, and verbal memory [39, 
40]. Studies report a reduction of the gray matter in the frontotemporal cortex, as 
well as the decrease in glucose metabolism in patients with alterations in executive 
and memory functions [41], but it also has been associated to a white matter reduc-
tion [38]. On the other hand, the damages in verbal memory correlate with the integ-
rity of the parahippocampal gyrus [42]. In other words, DM2 represents an important 
risk factor for dementia. Interestingly, in the five main countries with a high DM 
prevalence (see Table 2), there is also a significant prevalence of dementia (Figure 1).

DM2 is the most common type of diabetes in which autoimmune antibodies 
appear to be the cause. In this type of diabetes, insulin resistance is observed, which 
limits the ability to respond to hormones, both endogenous and exogenous [43]. In 
some cases, insulin resistance is a result of a lower number or a mutation of insulin 
receptors (IR). These receptors are expressed in the central nervous system (CNS), 
in the hypothalamus, olfactory bulb, cerebral cortex, cerebellum, and hippocampus 
[44–46]. Insulin can cross the blood-brain barrier and reach its target, generat-
ing anorexic effects by activating the satiety center. This happens because insulin 
and the insulin-like growth factor-1 (IGF-1) activate PI3K causing the opening of 
ATP-dependent potassium channels (ChK*

ATP), thus hyperpolarizing the neuron 
which causes it to disrupt its activity, and thus, it stimulates the secretion of the 

Figure 1. 
Dementia prevalence in the five countries with the highest diabetes mellitus prevalence in 2017. DM, diabetes 
mellitus (thousands); Dem, dementia (for every 1000).
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Figure 1. 
Dementia prevalence in the five countries with the highest diabetes mellitus prevalence in 2017. DM, diabetes 
mellitus (thousands); Dem, dementia (for every 1000).
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Figure 2. 
Pathway of insulin/IGF-1/PI3K/AKT/GSK3β in respect to the neuronal function and its effect on satiety. 
Normally, this pathway of insulin/IGF-1 begins when it activates IR and it phosphorylates to begin the 
pathway for PI3K. Once PKD activates AKT, it will inhibit the activity of GSK3β by phosphorylating in Ser9, 
which is associated to neuronal survival. On another note, PI3K provokes the opening of potassium canals, 
via PIP2, hyperpolarizing the neuron which is what conducts the activation of the satiety center. When 
there is no suitable recognition of insulin, GSK3β will not inhibit; therefore, it will act upon proteins [tau, 
amyloid-β (Aβ) y α-synuclein (α-syn)] related to the formation of aggregates [neurofibrillary tangles (NFT), 
amyloid plaques, and Lewy bodies (LB), respectively] which lead to neuronal death and are histopathological 
characteristics of diseases such as AD and PD. Also, the opening of potassium canals will not be taken care of, 
inhibiting the satiety (in the presence of insulin, back arrows; lack of insulin, red arrows).
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corticotropin-releasing hormone (CRH), which is anorexigenic and inhibits the 
secretion of neuropeptide Y, which is orexigenic. As mentioned above, insulin 
activates the PI3K/AKT/GSK3β pathway, where GSK3β is phosphorylated in Ser9 
(GSK3β-pSer9) by means of AKT; being phosphorylated at this site inactivates 
it, resulting in neuronal survival. However, when there is insulin resistance as in 
the case of DM2 or there is no insulin production (DM1), this pathway does not 
activate; therefore GSK3β will not be inhibited and will act upon proteins involved 
in neuronal death such as tau, amyloid-β, and α-synuclein. These proteins will form 
intracellular (tau) and extracellular (tau, amyloid-β, and α-synuclein) deposits, 
which are histopathological features (neurofibrillary tangles, plaques, and Lewy 
bodies) of dementias such as AD and PD (Figure 2). Neuronal death caused by the 
lack of insulin is one of the reasons why DM is a risk factor for dementia.

7.  Diabetes mellitus and amyloid-β protein pathology in Parkinson’s 
disease

Clinically, Parkinson’s disease is defined as a progressive disorder characterized 
by resting tremor, rigidity, and bradykinesia; however, there may be other manifesta-
tions less constant such as postural instability, propulsive gait, dysphagia, autonomic 
disorders, sebaceous sweating, salivation, and deteriorating superior functions that 
can lead up to dementia. This disease was described in 1817 by James Parkinson, who 
described the deficiency of dopamine in the brain of his patients in late 1950 and 
also described the treatment of this disease with L-dopa in the 1960s. Parkinson’s 
disease is the second most frequent neurodegenerative disorder. It is a motor disease 
related with the disorder of the basal ganglia specifically via nigrostriatal which is 
formed by the axons of the dopaminergic neurons of the substance compact nigra 
which innervate the corpus striatum. This structure is considered the main target 
of dopaminergic innervation due to the high density of axons it receives and its 
large size. The main symptoms of Parkinson’s disease are caused by the degenera-
tion of dopaminergic neurons via nigrostriatal [47, 48]. A pathological hallmark of 
Parkinson’s disease is the Lewy bodies (LB), eosinophilic inclusions of α-synuclein 
(α-syn) located in the neuronal soma especially in nigra substance [49]. Besides the 
(LB) there can be deposits of the protein tau (MNF) and of β-amyloid (plaques).

There is existing evidence that α-syn, tau and Aβ act in a synergistic way in the 
pathology of AD and PD [50, 51] accelerating the aggregation of each [52]. The 
presence of tau and Aβ was found in patients with PD, and the cognitive function 
was lower than healthy patients’ [53]. It has also been demonstrated that when these 
three proteins are found in high concentrations, as in PD, it generates changes in CFS 
tau levels [54], and if these patients are obese as well, they present insulin resistance 
[55, 56] even though they do not suffer from DM. These patients have deficits of 
cognitive functions. It is possible that the resistance to insulin accelerates the demen-
tial process in patients with PD, and it can lead to more serious motor symptoms.

As described before, insulin/IGF-1 activates the route PI3K/AKT/GSK3β, which, 
besides being involved in the glucose metabolism and the ingestion of food, also 
plays an important role in the learning and memory process associated with long-
term potential (LTP) in the hippocampus [57]. Apparently, insulin stabilizes the 
production of dopamine and decreases the alterations in movement in a PD model 
[58–61]. When insulin acts over IR in a suitable way, the result is neuronal survival; 
however, the lack of insulin provokes that the GSK3β will not be inactivated (when 
it is phosphorylated in Ser9 by AKT), which leads to the favoring of the formation 
of MNF, LB, and amyloid plaques (see Figure 2). These pathological structures are 
found frequently coexisting in the hippocampus and cerebral cortex in patients 
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can lead up to dementia. This disease was described in 1817 by James Parkinson, who 
described the deficiency of dopamine in the brain of his patients in late 1950 and 
also described the treatment of this disease with L-dopa in the 1960s. Parkinson’s 
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which innervate the corpus striatum. This structure is considered the main target 
of dopaminergic innervation due to the high density of axons it receives and its 
large size. The main symptoms of Parkinson’s disease are caused by the degenera-
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(α-syn) located in the neuronal soma especially in nigra substance [49]. Besides the 
(LB) there can be deposits of the protein tau (MNF) and of β-amyloid (plaques).
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As described before, insulin/IGF-1 activates the route PI3K/AKT/GSK3β, which, 
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plays an important role in the learning and memory process associated with long-
term potential (LTP) in the hippocampus [57]. Apparently, insulin stabilizes the 
production of dopamine and decreases the alterations in movement in a PD model 
[58–61]. When insulin acts over IR in a suitable way, the result is neuronal survival; 
however, the lack of insulin provokes that the GSK3β will not be inactivated (when 
it is phosphorylated in Ser9 by AKT), which leads to the favoring of the formation 
of MNF, LB, and amyloid plaques (see Figure 2). These pathological structures are 
found frequently coexisting in the hippocampus and cerebral cortex in patients 
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with PD [62]. The negative regulation of GSK3β is extremely important in the 
neurodegenerative disorders such as PD [63] and even more in the function of 
α-syn, having as consequences cognitive deficits [64, 65] which include learning 
and memory alterations as well as executive functions. If this negative regulation of 
GSK3β does not happen due to the lack of insulin, then there will be a tau phosphor-
ylation increase which will favor the accumulation of α-syn amyloid. These aggre-
gates of α-syn have a positive feedback over the accumulation of phosphorylated 
tau and facilitate the formation of Aβ deposits. The accumulation of aβ and α-syn 
(amyloid) activates GSK3β, even though α-syn does so by inhibiting the formation 
of GSK3β-pSer9 (Figure 3).

It is possible that patients with DM-PD deteriorate rapidly due to the favor-
ing of the accumulation of Aβ due to the lack of insulin, since this could generate 
more oxidative stress and thereby damage dopaminergic neurons. However, more 
studies are needed regarding the interaction between Aβ and α-syn in the demential 
process of PD caused by the failure in recognition of insulin such as in DM2.

8.  Diabetes mellitus and amylin and amyloid-β protein pathologies in 
Alzheimer’s disease

AD is one of the most prevalent dementias in older people and is characterized 
by the progressive loss of memory and deterioration of cognitive functions such as 
judgment and behavior [66]. AD develops through mutations in the chromosomes 
(presenilin 2), chromosome 14 (presenilin 1) and chromosome 21 (PPA) [67]. Only 
5% of patients with AD associate to this genetic factor. It has an early appearance 
in people around 45 years old; however, the most common form of appearance of 
this neurodegenerative disease is “sporadic” where there are no mutations and it 
develops in people around 65 years [68]. There is still doubt regarding the genesis 
of sporadic AD; risk factors that can lead to the development of AD have been 
described. One of these risk factors is aging and poor eating habits where it involves 
ingesting large quantities of fat and sugar. Therefore, obesity is a risk factor for 
diabetes mellitus type 2.

Figure 3. 
GSK3β activation regulated by synergistic action of α-synuclein (α-syn), phosphorylated tau (pTau), and 
β-amyloid (Aβ). In the presence of insulin, a GSK3β inhibition occurs that has as a result, the improvement of 
long-term memory in the hippocampus. When there are alterations in the recognition of the insulin or there is 
simply no production, no GSK3β inhibitions occur which promoted the augmentation of α-sy, pTau, and Aβ 
aggregates which at the same time act synergistically, augmenting GSK3β activity. Therefore, cognitive deficits 
that include alterations in the learning and memory processes as well as executive functions are favored.
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Histopathologically, the brains of these patients present in great abundance 
neuritic plaques (NP) and neurofibrillary tangles. (NFT) [69, 70]. Neuritic 
plaques are constituted by extracellular deposits of the fibrillar beta-amyloid 
peptide, and associated to these, dystrophic neurites (DN), neuritic plaques 
bordered by astroglial cells and associated with the amyloid peptide, the tight 
microglial cells can be observed (Figure 4). Together, they unleash the inflam-
matory cell process observed in a brain with AD [71]. NFT are constituted by 
highly soluble filaments (paired helical filaments, PHF) inside the neuronal 
soma. The PHF are constituted by tau protein; in normal conditions, tau protein 
favors the stability to the microtubules and the organelles and vesicles along the 
axon. The genesis of PHF has been associated with posttranslational mechanisms 
of tau protein as in hyperphosphorylation and truncation. Recent studies have 
suggested that the tau protein plays a dual role in protection and toxicity upon 
the neurodegenerative process and neuronal death. The phosphorylation of the 
tau protein could be involved in processes of neuronal protection to degeneration 

Figure 4. 
Characteristic lesions of a brain with Alzheimer’s disease. (A) Neuritic plaque. Dystrophic neuritis (green 
and blue channels) are observed in the periphery of the Aβ deposit (red channel). (B) Neurofibrillary tangles 
recognized by antibodies directed against phosphorylated tau protein, in the vicinity there is a neurofibrillary 
tangle evidenced only in the red channel, the dystrophic neuritis in the periphery show different degrees of 
co-localization. (C) Neuritic plaque evidenced in the red channel, the nuclei are observed in blue color. The 
microglial cells are closely associated with the Aβ deposit (green channel). (D) Neuritic plaque in the periphery 
glial cells (blue channel) are observed. And in the channel see observed neuritic dystrophic positive tau protein. 
Double immunostaining with antibodies directed against the phosphorylated tau protein (A, B), IBA1 (C), and 
GFAP (D), counterstained with triazine red dye A-D and ToPro (C). Images taken with confocal microscope 
(SP8, Leica).
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upon the fragment of the minimal filament (92–95 amino acids culminating in 
Glu391). The process of proteolysis in the asp-421 of tau favors in the beginning 
its polymerization, and the truncation in glu391 favors the stability and insolubil-
ity of the PHF [72].

8.1 Amyloid formation is the pathological hallmark of T2D and AD

The incidence of both AD and T2D is increasing at an alarming rate at present 
and has become a major public health concern in many industrialized countries 
[73]. Many epidemiological studies have shown that diabetic individuals have a 
significantly higher risk of developing AD [74]. Recently, it has become increas-
ingly recognized that there is an overlap between the pathology of AD and vas-
cular dementia and cerebrovascular dysfunction plays a role not only in vascular 
dementia but also in AD [75]. Nevertheless, clinical observations suggest that the 
association is independent of vascular factors [76], which raises the possibility that 
diabetic conditions such as insulin resistance and hyperglycemia may affect the 
fundamental pathogenesis of AD. Many neuronal functions are affected by changes 
in the insulin signaling pathway; therefore diabetes mellitus may have an important 
role in the progression of AD ([77]; see Figure 2).

Another possible mechanism that has been involved is the amyloid deposition 
in islets composed primarily of islet amyloid polypeptide (IAPP or amylin) that is a 
common feature in T2D. IAPP amyloid deposition has been correlated with disease 
severity, reduced β-cell mass, the development of hyperglycemia, and islet inflam-
mation. Similarly, Aβ plays a central role in synaptic dysfunction and in the cogni-
tive deficiencies associated with AD pathogenesis [78]. Evidences from clinical and 
animal studies associate the pancreatic amyloid, amylin in mediating neuronal loss 
in AD, suggesting its role as a potential link between AD and T2D pathogenesis 
[79–81]. The presence of amyloid deposits in pancreas and brain has been demon-
strated in patients with T2D, which can serve as seed to increase the aggregation 
of these deposits. This suggests that pancreatic IAPP can potentiate amyloid beta 
misfolding in patients with AD [81]. Previously, de la Monte and colleges, 2008, 
reported that IAPP enters the brain, augments Aβ misfolding, and associates with 
Aβ plaques, and plasma levels correlate with AD diagnosis [82]. Interestingly, amy-
lin has been identified in human cerebrospinal fluid and brains of diabetic patients 
with vascular dementia or AD and nondiabetic patients with AD. Furthermore, 
co-localization of amylin and Aβ deposits was also observed in postmortem human 
brains [81]. Likewise, amylin deposits were observed in the temporal lobe gray 
matter in diabetic patients [79]. Therefore, the co-existence of Aβ and amylin in 
the brain suggests the potential ability of amylin to infiltrate the brain and induce 
amyloid deposition in the brain [81].

8.2  Potential mechanisms of amylin-Aβ-induced toxicity in neurons and 
pancreatic β cells

Several studies have showed that amyloid aggregates have been found to be 
associated with disruption of several cellular functions, including mitochondrial 
activity [83, 84], oxidative stress [85], receptor mediated functions [86, 87], disrup-
tion of Ca2+ homeostasis [88], and membrane depolarization and disorder [89]. 
Possibly there is a toxic interaction between Aβ and tau that together with insulin 
resistance participate in the progression of AD. Similarly, the accumulation of 
amylin in the brain and its ability to induce neurotoxicity and form “cross-seeding” 
aggregates with Aβ provide a role for this pancreatic amyloidogenic protein in 
neurodegeneration [89].
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On the other hand, it is likely that there is also a synergistic interaction between 
the accumulation of amylin in the pancreas and the insulin secretion decrease, 
which will lead to abnormalities in glucose metabolism, promoting the development 
of neurodegenerative diseases (Figure 5). It is suggested that amylin mediates neu-
rotoxicity by crossing the blood-brain barrier and binding to its receptors [90–92]. 
This leads to the hyperamulinemia of insulin resistance and to the accumulation of 
amyloid deposits in the brain.

Both in the animal models and in the clinical trials of AD, those drugs related to 
production of insulin have been observed or have focused on improving the mecha-
nisms of insulin and improving the condition of patients with cognitive impairment 
[93]. Analogues of amylin, for example, pramlintide, have been used as adjunctive 
therapy with insulin for diabetes [94] and are also being evaluated for their ability 
to prevent neurodegeneration [90, 95, 96].

9. Conclusions

The advantages of studying therapies for T2D in diseases that occur with an 
insane process are evident. However, no one has questioned whether targeted 
therapies for dementias could be useful in the treatment of T2D. Immunotherapy 
targeting Aβ has been shown to improve blood glucose by increasing sensitivity to 
insulin [97, 98]. Thus, we believe that amyloid deposits as therapeutic targets could 
be key in the treatment of dementias and alterations in glucose metabolism. But 
more studies about this issue are needed.

Figure 5. 
Association between AD and T2D. Both AD and T2D present cellular loss and abnormal deposition of Aβ, 
tau, and amylin. These aggregates have the ability to promote the accumulation of amyloid by cross-seeding 
in neurons and pancreatic cells. The aggregation of amyloid deposits is favored by the presence of aggregates 
of tau and amylin, which in turn leads to oxidative stress, mitochondrial dysfunction, inflammation, insulin 
resistances, and finally cell death.
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Both in the animal models and in the clinical trials of AD, those drugs related to 
production of insulin have been observed or have focused on improving the mecha-
nisms of insulin and improving the condition of patients with cognitive impairment 
[93]. Analogues of amylin, for example, pramlintide, have been used as adjunctive 
therapy with insulin for diabetes [94] and are also being evaluated for their ability 
to prevent neurodegeneration [90, 95, 96].

9. Conclusions

The advantages of studying therapies for T2D in diseases that occur with an 
insane process are evident. However, no one has questioned whether targeted 
therapies for dementias could be useful in the treatment of T2D. Immunotherapy 
targeting Aβ has been shown to improve blood glucose by increasing sensitivity to 
insulin [97, 98]. Thus, we believe that amyloid deposits as therapeutic targets could 
be key in the treatment of dementias and alterations in glucose metabolism. But 
more studies about this issue are needed.

Figure 5. 
Association between AD and T2D. Both AD and T2D present cellular loss and abnormal deposition of Aβ, 
tau, and amylin. These aggregates have the ability to promote the accumulation of amyloid by cross-seeding 
in neurons and pancreatic cells. The aggregation of amyloid deposits is favored by the presence of aggregates 
of tau and amylin, which in turn leads to oxidative stress, mitochondrial dysfunction, inflammation, insulin 
resistances, and finally cell death.
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