
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Leeds.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/169691/

Version: Accepted Version

Article:

Milardi, D, Gazit, E, Radford, SE et al. (2021) Proteostasis of Islet Amyloid Polypeptide: A 
Molecular Perspective of Risk Factors and Protective Strategies for Type II Diabetes. 
Chemical Reviews. ISSN: 0009-2665 

https://doi.org/10.1021/acs.chemrev.0c00981

© 2021 American Chemical Society. This is an author produced version of an article 
published in Chemical Reviews. Uploaded in accordance with the publisher's self-archiving
policy.

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1021/acs.chemrev.0c00981
https://eprints.whiterose.ac.uk/id/eprint/169691/
https://eprints.whiterose.ac.uk/


  

 
 

Proteostasis of Islet Amyloid Polypeptide: a Molecular Perspective of 

Risk Factors and Protective Strategies for Type II Diabetes 

 

Danilo Milardi, Consiglio Nazionale delle Ricerche, Istituto di Cristallografia, Via P. Gaifami 
18, 95126 Catania, Italy. Email: danilo.milardi@cnr.it 
• Ehud Gazit, Department of Molecular Microbiology and Biotechnology, George S. Wise 
Faculty of Life Sciences, Tel Aviv University, Tel Aviv 6997801, Israel. 
E.mail: ehudga@tauex.tau.ac.il 
• Sheena E. Radford, Yong Xu, Rodrigo U. Gallardo, Astbury Centre for Structural Molecular 
Biology, School of Molecular and Cellular Biology, University of Leeds, Leeds LS2 9JT, UK. 
E.mail: s.e.radford@leeds.ac.uk, r.u.gallardo@leeds.ac.uk, y.xu3@leeds.ac.uk 

• Amedeo Caflisch, Department of Biochemistry, University of Zürich, Zürich CH-8057, 
Switzerland. E.mail: caflisch@bioc.uzh.ch 
• Gunilla T. Westermark, Department of Medical Cell Biology and Immunology, Uppsala 
University, SE-751 23 Uppsala, Sweden. E.mail: gunilla.westermark@mcb.uu.se 
• Per Westermark, Department of Immunology, Genetics and Pathology, Uppsala 
University, SE-751 85 Uppsala, Sweden. E.mail: per.westermark@igp.uu.se 
• Carmelo La Rosa*, Università degli Studi di Catania, Dipartimento di Scienze Chimiche, 
Viale Andrea Doria 6, 95125 Catania, Italy. Electronic address: clarosa@unict.it. 
• Ayyalusamy Ramamoorthy*, Biophysics, Department of Chemistry, Biomedical 
Engineering, Macromolecular Science and Engineering, University of Michigan, Ann Arbor,  
MI 41809-1055, USA. E.mail: ramamoor@umich.edu 

  



  

 
 

Contents 

1. Introduction 

2. Diabetes: a multifactorial disease 

2.1. Diabetes  

2.1.1. Normal glucose regulation 

2.1.2. Medical treatment in T2D 

2.2. Cross-correlation with other diseases  

2.3. Effect of insulin on IAPP amyloid aggregation 

3. The Islet Amyloid Polypeptide and the “amyloid hypothesis” of T2D 

3.1. Islet amyloid polypeptide and T2D 

3.2. IAPP aggregation in vitro and in vivo: pathways to β-cells toxicity.  

3.3. Molecular determinants of IAPP amyloid growth. 

3.3.1. Aggregation-prone regions of hIAPP. 

3.3.2. Residue-specific determinants of hIAPP aggregation. 

3.3.3. The presence of a disulfide bond affects hIAPP aggregation. 

3.3.4. Conformational states of monomeric hIAPP and oligomeric structures related to 

hIAPP aggregation. 

3.4. The role of metal ions: Ca++, Cu++, Zn++.  

3.5. The role of membrane composition, raft, and cholesterol.  

3.6. Intracellular pathological event of oxidative stress and inflammation. 

3.7. Increased expression of RAGE and β-cells toxicity. 

3.8. hIAPP trafficking: extracellular vesicles and exosomes. 

4. High-resolution structures of IAPP 

4.1. Computational studies 

4.1.1. Simulations of monomeric IAPP and interactions with the membrane 

4.1.2. Simulations of oligomerization and fibrillar aggregates 

4.1.2.1. Dimerization 

4.1.2.2. Oligomerization 

4.1.2.3. Formation and/or stability of fibrillar structures 



  

 
 

4.1.3. Simulations of aggregation in the presence of self-assembly modulators 

4.1.3.1. Small organic compounds 

4.1.3.2. Peptides 

4.1.3.3. Others: carbon nanotubes, graphene quantum dots and chiral silica nanoribbons 

4.2. Experimental characterization of small oligomeric species.  

4.3. Structures of IAPP in lipid membrane. 

4.3.1. Are the fibril growths on the membrane surface and in solution correlated? 

4.3.2. Model membranes for experimental studies. 

4.3.3. Lipid-assisted transfer of IAPP from solution to the membrane. 

5. Clearance of misfolded IAPP 

5.1. Pathophysiological degradation of IAPP by proteases 

5.1.1. The Insulin Degrading Enzyme and IAPP. 

5.1.2. The role of the Ubiquitin proteasome pathway in IAPP turn over. 

5.2. Role of metal ions in IAPP degradation 

5.3. Removal of IAPP by autophagy 

6. Antiaggregants of hIAPP 

6.1. Inhibitors of IAPP amyloid growth 

6. 2. Natural compounds as IAPP anti-aggregating and anti-oxidant agents 

6. 3. Peptide inhibitors of IAPP aggregation 

6. 4. Antibody inhibitors of IAPP aggregation 

6. 5. Metal chelators 

 

7. Rescuing IAPP proteostasis by small molecules 

7.1. hIAPP proteostasis machinery 

7.2. Metformin 

7.3. Rosiglitazone 

7.4. Trehalose 

7.5. Ghrelin 

7.6. Epigallocatechin gallate 



  

 
 

7.7. Resveratrol 

7.8. Silybins 

8. Conclusions and perspectives 

9. Outlook 

10. Future directions 

 

 

ABSTRACT 

The possible link between hIAPP accumulation and β-cell death in diabetic patients has inspired 

numerous studies focusing on amyloid structures and aggregation pathways of this hormone. Recent 

studies have reported on the importance of early oligomeric intermediates, the many roles of their 

interactions with lipid membrane, pH, insulin and zinc on the mechanism of aggregation of hIAPP. 

The challenges posed by the transient nature of amyloid oligomers, their structural heterogeneity, 

and the complex nature of their interaction with lipid membranes have resulted in the development 

of a wide range of biophysical and chemical approaches to characterize the aggregation process. 

While the cellular processes and factors activating hIAPP-mediated cytotoxicity are still not clear, 

it has recently been suggested that its impaired turnover and cellular processing by proteasome and 

autophagy may contribute significantly towards toxic hIAPP accumulation and, eventually, β-cell 

death. Therefore, studies focusing on the restoration of hIAPP proteostasis may represent a 

promising arena for the design of effective therapies. In this review we discuss the current 

knowledge of the aggregation and pathology associated with hIAPP aggregation and point out the 

opportunities for therapy that a detailed biochemical, biophysical and cellular understanding of its 

aggregation may unveil. 

 

 

1. INTRODUCTION 



  

 
 

One of the most striking features of type-2 diabetes (T2D) is the presence of highly abundant 

amyloid deposits of human islet amyloid polypeptide (hIAPP) around pancreatic β-cells in the islets 

of Langerhans. Because of the high tissue visibility of the amyloid deposits and their prevalence in 

diabetic patients, until recently it has been assumed that mature amyloid deposits of hIAPP play an 

important role in the pathogenesis of the disease. Although a firm relationship between the structure 

of different hIAPP aggregates in the pancreas and the severity of the disease has not yet been 

established, these studies have provided mechanistic insights on the link between hIAPP and T2D. 

Nevertheless, the 10% of T2D patients do not show hIAPP aggregates in pancreatic tissues.1–4 It is 

widely known that cells express an integrated array of proteolytic machinery that controls protein 

homeostasis (proteostasis) in a given range of adverse environmental conditions. As a matter of 

fact, the latest studies suggest that pathological conditions occur when the equilibrium between the 

production and the clearance of the involved proteins is unbalanced, or, in other words, when 

proteome surveillance by the proteolytic machinery of the cell is compromised.5 This notion, 

coupled with the failure of many clinical trials focusing on anti-aggregating drugs, suggests that 

the design of effective T2D therapies demands a deeper understanding of the structures of the 

various hIAPP assemblies as well as the mechanisms involved in proteome maintenance 

derangement.  

 This review covers the current knowledge about hIAPP and its role in T2D development 

with a special emphasis on: i) the structures of hIAPP aggregates and their role in damaging lipid 

membranes, ii) the mutual interactions of hIAPP with other amyloids, iii) the role of metal ions and 

small molecules in modifying hIAPP aggregation processes, and iv) hIAPP degradation routes. 

Finally, we also discuss about the emerging challenges and promising therapeutic opportunities in 

present and future research directions oriented to designing hIAPP proteostasis rescuers.  

 

2. DIABETES: A MULTIFACTORIAL DISEASE 



  

 
 

2.1 Diabetes 

Diabetes mellitus is defined as a metabolic disease with increased blood glucose levels, which 

increases the risk of developing complications such as damage to the cardiovascular system, kidney, 

vision, and nerves. Therefore, diabetes mellitus is not a single disease but a group of disorders that 

have in common a deficiency of insulin. Diabetes can be divided into subgroups, which in turn are 

heterogeneous. The main forms of diabetes mellitus are type 1 diabetes (T1D), type 2 diabetes 

(T2D), and gestational diabetes. In addition to these three disorders, there are a large number of 

specific diabetes forms, some of which are hereditary, e.g., depending on mutation in the insulin 

gene or insulin receptor gene. T1D, constituting roughly 10% of diabetes cases, is an autoimmune 

disease leading to immune-mediated progressive destruction of pancreatic β-cells. Both humoral 

and cellular immune factors participate in this destruction. T1D most commonly starts at a young 

age but can debut at any age. Treatment of T1D is always with insulin, and the disease was initially 

called ‘insulin-dependent diabetes mellitus’ (IDDM). There is a genetic trait for T1D with the 

strongest association with the human leukocyte antigen (HLA) class II region6,7 that explains 

approximately 50% of the genetic background of T1D. The HLADR3/4-DQ8 is a high-risk 

genotype for the development of T1D8, but several susceptible and protective DR-DQ haplotypes 

have been identified.9 Maturity onset diabetes of the young (MODY) is a group of monogenic 

diabetes forms. These inherited disorders of non-autoimmune diabetes usually occur in adolescence 

or young adulthood10 and account for 2-3% of all diabetes cases. MODY characterized by the 

absence of autoantibodies against the β-cell antigens can occur without symptoms and is considered 

underdiagnosed. The most common MODY forms are MODY-1, which is caused by mutations in 

the transcriptional regulator HNF-4α gene11 and results in defective insulin release; MODY-2, 

caused by mutations in the glucokinase gene12 and results in a reduction in glucose sensing, leading 

to an increased blood glucose level but with an efficient remaining insulin secretory system; 

MODY-3, caused by mutations in the transcription factor HNF1-alpha gene13 which results in 



  

 
 

defective insulin release. By constrast with these types of diabetes, T2D constitutes more than 85% 

of diabetes cases and is clearly associated with aging and obesity. It is a globally occurring disease 

with rapidly increasing prevalence. The number of adult subjects with diabetes worldwide has been 

estimated to be 463 million while the number in 2045 is expected to rise to 700 million, 90% with 

T2D.14 Causes of this increase in prevalence include obesity associated with a sedentary (western)  

life style with over-consumption of food and too little exercise. There is also a strong, but complex 

genetic component involving a large number of genes. T2D is diagnosed by exclusion rather than 

by distinct criteria. If T1D or a monogenic form of diabetes is not present, the patient is assumed 

to have T2D. Most subjects with T2D have signs of metabolic syndrome, which includes obesity, 

particularly of abdominal type. The cause of obesity is multifactorial.15 T2D has a complex and 

insufficiently understood pathogenesis involving both β-cell failure and deficient peripheral 

sensitivity in adipose tissue and muscles to released insulin, often called insulin resistance.16 T2D 

is also associated with increased glucagon secretion and liver glucose production. The tendency to 

insulin resistance is at least partially hereditary, but obesity and sedentary lifestyle are important  

risk factors. Insulin resistance is an early event in the development of T2D and present already in a 

prediabetic stage, most often associated with abdominal obesity. Insulin resistance causes 

increasing insulin demand upon islet β-cells, which respond with increased insulin production and 

release. As long as this response is sufficient, blood glucose concentration is kept normal or near 

normal. It is still not completely understood how the impaired ability of β-cells to produce sufficient 

insulin gradually results in transition from prediabetes to overt T2D.17  

 T2D is heterogeneous, and at least five subgroups (or clusters) have been ident ified with 

different severities and tendencies to develop late complications.18,19 The clustering of these 

diseases has been performed from clinical features, and nothing is known regarding differences in 

islet lesions such as a reduction in β-cell mass or presence of islet amyloid. Such studies will be 

necessary for future islet researchers. 



  

 
 

 Although the impaired β-cell function associated with T2D is not fully understood, we know 

that several components may come into play.20 Even if the plasma insulin concentration can appear 

normal (or even high) when comparing obesity-matched individuals at similar plasma glucose 

levels, it is evident that insulin action is deficient in patients with T2D. While the loss of β-cells in 

T1D is accepted, it has been more challenging to demonstrate a reduced number of β-cells in T2D, 

although some analyses have shown a reduction in β-cell number in T2D21–23 and signs of 

malfunction in the remaining β-cells. Thus, the first-phase insulin response at an intravenous 

glucose challenge is already absent at the early stage of T2D24. There are also signs of aberrant 

proinsulin processing in T2D. In non-diabetic subjects, plasma proinsulin and processing 

intermediates constitute about 10% of circulating immunoreactive insulin but these levels are 

doubled in T2D.25 So far, there are no definite explanations for these defects.  

 

2.1.1 Normal glucose regulation 

Glucose homeostasis is maintained by a complex hormonal system that controls short and long-

term blood glucose regulation, thereby preventing hyperglycemia and hypoglycemia. Islets of 

Langerhans contain β-cells and α-cells which secrete the polypeptide hormones insulin and 

glucagon, respectively. Insulin released in response to glucose binds to its receptor, and this results 

in the translocation of the glucose transporter GLUT-4 from the cytoplasm to the cell membrane 

that facilitates glucose uptake in muscles and adipose tissue.26,27 In humans, glucose enters the 

hepatocytes via the glucose transporter GLUT2 using an insulin independent process.28 During the 

postprandial state, glucose is used for glycogen synthesis in the liver and muscle. In the presence 

of insulin, glucose is used for free fatty acid (FFA) and triglyceride synthesis in the hepatocytes. 

FFA released from the liver is redistributed to the adipocytes. In the liver, the GLUT-2 transporter 

allows bidirectional transport of glucose in and out of the cells. Glucagon, released in response to 

hypoglycemia binds to its receptor present on hepatocytes and stimulates glycogenolysis and 



  

 
 

gluconeogenesis, thereby increasing the blood glucose level. Sustained high blood glucose levels 

are dangerous and increase the risk for complications, including cardiovascular disease, kidney and 

nerve damage, and vision problems (see   also 

https://www.idf.org/aboutdiabetes/complications.html).29 

2.1.2. Medical treatment for T2D 

There are many options for the treatment of T2D.20 Early in the disease, it is often possible to 

mitigate symptoms by changing lifestyle, leading to a reduction in weight and increasing physical 

activity, which reduces insulin resistance. It is also possible to increase the production or release of 

insulin from the pancreas. Sulfonylurea derivatives are examples of this mode of action, and there 

are several new drugs acting this way. For example, metformin works by reducing insulin resistance 

and liver glucose production and is one of the most commonly used treatments in T2D. In some of 

the patients, insulin production ceases gradually making insulin treatment necessary.30 

 Thiazolidinediones, also known as glitazones31, act through the nuclear receptor peroxisome 

proliferator-activity receptor gamma (PPAR) and promote insulin sensitivity32. PPAR is 

ubiquitously expressed with enrichment in adipose tissues where it regulates uptake and storage of 

lipids in peripheral tissue and reduces the lipotoxicity. PPAR controls the differentiation of stem 

cells into adipocytes. Glitazones are used in combination with other diabetes drugs such as 

metformin or sulfonylureas. Treatment is in some individuals associated with severe side effects 

such as edema, weight gain, congestive heart failure.33 

 The polypeptide hormone glucagon-like peptide-1 (GLP-1) is an incretin released from the 

proglucagon molecule after posttranslational processing with the prohormone convertase  PC1/3 

and secreted from the intestinal L-cells in response to nutrients.34 In the islet, GLP-1 stimulates 

glucose-dependent insulin secretion and insulin gene transcription and inhibits glucagon secretion. 

Outside the pancreas, GLP-1 decreases gastric emptying and reduces food intake. In T2D 

https://www.idf.org/aboutdiabetes/complications.html


  

 
 

especially, the insulinotropic action of GLP-1 is lost. The half-life of GLP-1 is short since the 

peptide is proteolytically degraded by the enzyme dipeptidyl peptidase-4 (DPP-4).35 Administration 

of DPP-4 inhibitors results in a prolonged activity of GLP-1. A group of GLP-1 analogs has been 

produced, retaining the biological activity of GLP-1, but with an extended half time.36 GLP-1 

receptor agonists are useful incretin mimics since their administration will not cause hypoglycemia, 

a critical side effect of insulin administration. Also, metformin increases postprandial GLP-1 

secretion, and therefore GLP-1 may be responsible for glucose-lowering observed during 

metformin treatment.37 

 Glucose is filtered out of the blood through glomeruli under normal conditions and 

reabsorbed by sodium-glucose linked transporter 2 (SGLT2), located in proximal convoluting 

tubules. Blocking SGLT-2 increases glucose excretion and lowers blood glucose concentration. 

Treatment with SGLT-2 inhibitor reduces HbA1c comparable to other tablet drugs, and some 

weight reduction has been observed.38 Several reports suggest that treatment with SGLT-2 reduces 

the risk of death from cardiovascular disease35 and the development of kidney failure.39 This means 

that treatment also reduces the risk of developing complications. A combination of GLP-1 agonist 

and an SGLT2-inhibitor resulted in additive effects on lowering HbA1c and body weight and 

reducing cardiovascular events.40 

An upcoming drug is AM83341 (see also https://ml-

eu.globenewswire.com/Resource/Download/265c351d-c721-43e0-ab7d-ab841a44d72a), and this 

IAPP-analog showed exciting results in a randomized phase-2 clinical trial that lasted for 26 weeks. 

The drug was shown to be well-tolerated, and in the study group receiving 4.5 mg/ week, a 10.8 % 

weight reduction was observed. In a phase-1 clinical trial in which AM833 was combined with the 

GLP-1-agonist Semaglutid, 20 weeks of treatment, participants lost an average of 17.1 % body 

weight. Overweight and obesity are risk factors for T2D and cardiovascular disease and the 

presented weight loss exceed reductions observed for GLP-1 and metformin. It should be noted that 

https://ml-eu.globenewswire.com/Resource/Download/265c351d-c721-43e0-ab7d-ab841a44d72a
https://ml-eu.globenewswire.com/Resource/Download/265c351d-c721-43e0-ab7d-ab841a44d72a


  

 
 

an IAPP derivative, pramlintide (symlin) is used, in addition to insulin, in patients with insulin-

dependent T1D and T2D that have been difficult to regulate with insulin by a single drug.42  

2.2. Cross-correlation with other diseases 

Epidemiological studies link diabetes with neurodegenerative diseases, including Alzheimer's 

disease43–46 and Parkinson's disease.47–49 The link is unclear, but the three conditions are 

multifactorial and have protein aggregation in their pathophysiology in common. If protein 

aggregation constitutes the link between these diseases, however, still needs to be proven. The 

Rotterdam study50, published in 1999, showed that patients with T2D have an almost doubled risk 

of developing dementia and Alzheimer's disease (AD). Data from the ULSAM study (Uppsala 

Longitudinal study of adult men) showed that already a moderate disturbance in the first-phase 

insulin release at the age of 55 increased the risk of developing AD thirty years later.51 This suggests 

that diabetes precedes AD. In fact, another type of diabetes has been proposed52–54, which is type 3 

diabetes (T3DM) which is an AD associated insulin resistance, also described as “brain diabetes 

phenotype”.  A considerable number of biophysical studies have shown a close link between the 

amyloid-forming proteins IAPP and Aβ.55–58 IAPP immunoreactivity is present in formic acid brain 

extracts from patients with AD59 and exhibited pattern on the western blot ranges from dimers to 

16 mers.60 The laddering pattern suggests that IAPP is present in the Aβ amyloid deposit. Proximity 

ligation assay (PLA) using two primary antibodies can be applied to determine the co-deposition 

of proteins. The positive PLA signal obtained after the combination of anti-IAPP and anti-Aβ 

antibodies points to the co-deposition of IAPP and Aβ in vivo. To confirm that the peptides interact 

in vivo, hIAPP transgenic mice were injected with preformed fibrils of Aβ followed by high-fat 

feeding for ten months.60 Mice injected with preformed Aβ fibrils developed amyloid in 15% of the 

islets, which is comparable to mice injected with preformed fibrils of proIAPP. In mice injected 

with preformed IAPP fibrils, IAPP amyloid was found in 24 % of the islets. Control mice injected 

with fibrils produced from the proinsulin metabolite C-peptide/A-chain developed small amount of 



  

 
 

amyloid in 5% of the islets. The result confirms interaction between the peptides, but as found in 

vitro, homologous seeding is preferred over heterologous seeding.60 In the past, for many years, the 

hypothesis that the killer of neurons (AD) or beta cells (T2D) were the insoluble amyloid fibrils 

(amyloid hypothesis) has been supported.21,61–63 Subsequently, the hypothesis of toxic oligomers 

was advanced, where the toxicity of Aβs or hIAPP is due to the oligomers, transient species that 

precede the fibrillar state.61,64–68 Experimental data have shown that polyclonal antibodies prepared 

by Aβ40, can recognize not only the toxic oligomers of Aβ40 but also the oligomers of a-synuclein, 

lysozyme, insulin, IAPP, prion protein, and many other proteins62,63,69–72. The same result was 

obtained using IAPP oligomeric preparation, rather than Aβ mimic. De novo designed peptides 

derived from hIAPP interacting with Aβ form colloid-like oligomers having β-like structures73. 

From this, we can deduce that oligomers of different proteins may have the similar conformational 

characteristics. Alternatively, it has been proposed that the recognition between Aβ and hIAPP is 

due to the presence of hot regions that have a similar amino acid sequence. To identify this hot 

region membrane-bound peptide arrays of 10-amino acid residues covering full-length Aβ40 and 

positionally shifted by one residue were used.74 The results showed that self-association and cross-

association of the two peptides depend exclusively on the polypeptide conformation. Using 

theoretical models, molecular dynamics simulations, and experimental measurements, it has been 

proposed that self-assembled polypeptides monomers having a backbone with substantial flexibility 

became unstable and evolved toward an alternating of partial ordered (β-sheet and α-helix) disorder 

(turn and random-coil) array. This information converges toward the concept of symmetry-breaking 

transitions. Symmetry-breaking transitions occurr when the energy difference between ordered and 

disordered structures became similar, and spatially modulate patterns spontaneously are formed75. 

This behavior was observed for a large number of intrinsically disordered proteins, including Aβ 

and hAPP mixtures, and is conformation-dependent and not dependent on the amino acid sequence. 

The results also qualitatively explain why amyloid aggregates escape a detailed structural 

characterization by X-ray analysis76. Surface Enhanced Raman Spectroscopy (SERS) imaging 



  

 
 

spectroscopic map of Aβ40 and hIAPP in equimolar mixtures have shown that the dimension of 

oligomeric aggregate ranges from 0.5 to 2 µm. The protein composition of oligomeric aggregate 

has a non-homogeneous distribution with an hIAPP rich core, an intermediate shell containing both 

peptides and a peripheral shell consisting of Aβ40. Also, the oligomer of pure Aβ40 and hIAPP was 

observed.77 Solid-state NMR experimental studies of fibril structures and molecular dynamic 

simulations of hybrid cross-seeding Aβ40–hIAPP assemblies with double-layer arrangements were 

also performed. These studies have explored the effects of interfacial variations in the U shaped β-

sheet self-assembling of Aβ40 and hIAPP oligomers on the structural stability and interfacial 

interaction of Aβ40–hIAPP assemblies. All combinations N- and C-terminal residues of the two 

proteins were considered. Twelve polymorphic cross-seeding Aβ40–hIAPP assemblies were 

studied. Among investigated structures, only two configurations were identified by their high 

structural stability and favorable interfacial interaction, i.e., N-terminal of Aβ40-C-terminal of 

hIAPP and C-terminal of Aβ-N-terminal of hIAPP with a partially dehydrated interface. Besides, 

mutation studies also showed that salt bridges at interfaces reduced favorable interfacial 

interactions between Aβ40 and hIAPP78. Since Aβ42 is more toxic than Aβ40, another research group 

investigated the co-aggregation between the full-length Aβ42 oligomer and full-length hIAPP 

oligomers taking also into account that hIAPP has four variants79 that differ in the orientation of 

the residues along the β-strands and the turn region of the β-arch. The authors focused their attention 

on the parallel β-sheet structure of the Aβ42 oligomer interacting with four hIAPP variants. 

Simulations results indicate that all four variants of the full-length hIAPP oligomers preferred to 

interact with Aβ42 oligomers to form polymorphic single layer conformations. Yet, the interactions 

between the cross-seeding hIAPP and Aβ42 both in single and in double-layer conformations affect 

the structure differently. In particular, the main differences were found in the flexibility/rigidity of 

the turn region80. In the hIAPP-Aβ heterodimer formation, who between the two proteins is the 

driver? Molecular dynamics studies have proposed a plausible answer to this question. In the self-

assembling process, strong inter-protein interaction is established. These forces induce a 



  

 
 

conformational transition from α-helix to β-sheet in the central amyloidogenic region of Aβ42. This 

transition contributes to lowering the aggregation free energy barrier. In other words, it was 

proposed that hIAPP induces Aβ42 aggregation and consequent conformational transition helix-

sheet. The result of this conformational transition is the reduction of the free energy barrier, 

according to the symmetry-breaking theory81,82. The central role that hIAPP plays in hIAPP-Aβ 

cross-interaction has also been investigated by other authors using experimental methodologies. In 

particular, using a mixture of hIAPP and Aβ in the presence of anionic and raft model membranes, 

it has been observed that hIAPP drives the aggregation process. Furthermore, this was confirmed 

using hIAPP-GI (non-amyloidogenic mimic hIAPP) interacting with Aβ82. Other simulation studies 

confirm the central role of hIAPP in the interaction with Aβ in the presence of model membranes. 

Model membranes containing mixtures of zwitterionic and negatively charged lipids 

(POPC/POPG) have been used. It has been reported that the adsorption of Aβ-hIAPP cross-seeding 

on the membrane surface is strongly influenced by membrane electrostatic and the initial orientation 

of peptides. Aβ-hIAPP cross seeding interacts more effectively with the POPO/POPG bilayer rather 

than POPC. This is due to the strong electrostatic interaction between Aβ-hIAPP and POPG. Also, 

it adsorbs on both membranes on the N-terminal side of the Aβ on the surface of the bilayer83. The 

pathogenesis of both Alzheimer's disease and T2D is also associated with inflammatory processes 

in the brain and pancreas, respectively. The cascade of inflammatory processes in related tissues is  

triggered by the internalization of Aβ or hIAPP oligomers into microglial cells or macrophages in 

T2D and thus their degradation via lysosomes. IAPP-GI, a non-amyloidogenic analog of hIAPP, 

has been shown to block the inflammatory processes mediated by Aβ or hIAPP. IAPP-GI forms 

highly soluble hetero-oligomers with both proteins, which are usually degraded84. 

In adulthood, α-synuclein is expressed at high concentration in the brain, and only limited 

expression remains in peripheral tissues.85 α-synuclein has been ascribed to a variety of functions, 

and in beta cells α-synuclein binds to Kir6.2 on insulin secretory granules, and down-regulates insulin 



  

 
 

secretion.86 Less is known about the connection between hIAPP and α-synuclein and the 

development of Parkinson’s disease, but comparison of insulin and hIAPP secretion in patients with 

Parkinson and health controls revealed a significantly higher hIAPP:insulin ratio in the Parkinson 

group. Since insulin’s inhibitory effect on hIAPP aggregation is concentration dependent, this could 

give rise to a shift that facilitates hIAPP aggregation.87 It was recently reported that hIAPP could 

accelerate α-synuclein aggregation in vitro when mixed at a molar ratio of 1:10 hIAPP:α-synuclein88 

indicating the underlying intermolecular interactions. In cynomolgus monkeys with spontaneously 

developed T2D, an increased accumulation of α-synuclein and phosphorylated α-synuclein appeared 

in the pancreatic β-cells.89 In the same study, increased accumulation of α-synuclein appeared in brain 

regions, including the cortical neurons and dopaminergic neurons in the substantia nigra.  The degree 

of accumulation correlated with levels of fasting plasma glucose and circulation triglyceride. Much 

less is known about hIAPP and α-synuclein interactions and the development of Parkinson's disease. 

Data collected hitherto suggest the co-presence of hIAPP and α-synuclein in the brain and the islets 

in patents with Parkinson’s disease. But it is unclear whether the in vivo deposits consist of peptides 

in amyloid form. 

2.3. Effect of insulin on IAPP amyloid aggregation 

Insulin is a polypeptide hormone containing 51 amino acids. Insulin has two chains: chain-A 

containing 21 amino acid and one intrachain disulfide bond (residue A6-A11), and chain-B 

containing 30 amino acids. Two disulfide bridges (residues A7 to B7, and A20 to B19) covalently 

tether the chains and the positions of these three disulfide bonds are invariant in mammalian forms 

of insulin90. Insulin and hIAPP are co-secreted by the β-cells in the Islets of Langerhans, consisting 

of hexamers (six insulin molecules grouped around two Zn2+ ions) as a result of interactions 

between hydrophobic surface. Insulin may also form dimers, but the active form is apparently a 

monomer. Insulin and hIAPP are stored into granule at 1-2:50 molar ratio91. It is known that in vitro 

aggregation of hIAPP disrupts the lipid membranes at µM concentrations68. hIAPP concentration 



  

 
 

in the β-cell granules is in mM without aggregation and no membrane damage has been observed 

in heathy individuals92. Thus, it is reasonable to think that the amyloid formation and membrane 

damage by hIAPP is inhibited by the elements contained in β-cell granules, such as low pH93, high 

Zn++ ions94,95, and insulin96. The concentration dependent effects of Zn2+ binding to hIAPP have 

been investigated. Zn2+ can suppress the fiber formation of hIAPP by forming an off-pathway 

complex97–99. A recent study reported that Zn2+ concentration determines the equilibrium of both 

hIAPP95 and insulin oligomers100 by forming both higher molecular-weight insulin oligomers and 

hIAPP homodimers. Therefore, zinc deficiency promotes the formation of zinc-free insulin 

monomers and dimers, which bind to hIAPP monomers versus zinc-related hexameters. The 

formation of the hetero-molecular complex prevents the self-assembling and thus subsequent 

aggregation of hIAPP. The role of negatively charged surface on hIAPP aggregation in the presence 

of insulin was also investigated. Using a negatively charged supported lipid bilayer, insulin has 

been shown to repress hIAPP self-assemby101,102, whereas a negatively charged Ta2O5 surface 

promotes co-assembled aggregation depending on the hIAPP/insulin molar ratio103. In aqueous 

solution, hIAPP has been shown to form first helical homo-dimers and then self-assemble into 

fibrils. On the other hand, the presence of insulin has been shown to inhibit fibril formation by 

hIAPP by forming heterodimers and the inhibition effect has been shown to increase with the 

increasing insulin concentration, suggesting that insulin is a competitive inhibitor of hIAPP5,104. 

Moreover, insulin B chain was found to be responsible for the heterodimer complex formation with 

residues 11 to 19 of chain-B of insulin and with residues 8 to 18 of insulin105,106. The effect of 

glycated insulin on hIAPP was explored107. Long time and high glucose concentration has been 

shown to cause about 10% of insulin glycation. An increased toxicity of hIAPP as monomer and 

dimer in the presence of glycated insulin has been observed. It is also remarkable that insulin 

inhibits hIAPP amyloid formation in the presence of lipid membrane.5 Interestingly, insulin does 

not prevent membrane pore formation by hIAPP. Additionally, fluorescence experiments 

demonstrated that insulin is capable of suppressing the fiber-dependent membrane disruption 



  

 
 

whereas the fiber-independent, pore-forming, mechanism is not altered by the presence of insulin.5 

Therefore, insulin does not prevent the formation of small hIAPP oligomers on the membrane96. 

This means that to fully understand the co-existence of hIAPP-insulin and the implications in the 

pathology of the disease, other factors such as pH, ionic strength, lipid membrane composition and 

the role of free lipids should also be considered.  

 

3. THE ISLET AMYLOID POLYPEPTID AND THE “AMYLOID HYPOTHESIS” OF T2D 

3.1. Islet amyloid polypeptide and T2D 

Occurrence of a hyaline alteration in islets of Langerhans constitutes one of the earliest described 

structural changes in diabetic pancreas.108 Its strong association with the form of diabetes later 

called T2D was found at an early date.109–111 The nature of the hyaline material was a matter of 

several studies and its resemblance to amyloid was noted109,112,113, but was denied by others. With 

the unified definition of amyloid on the molecular level, this discussion is now over.114  

Islet amyloid is the most characteristic morphological islet feature of T2D, to some degree 

present in more than 90% of T2D pancreata.1,2  Its importance in the pathogenesis of β-cell failure 

is still not fully accepted and has been contradicted by the finding of similar alterations in non-

diabetic subjects, albeit not to the same extent.115,116 With the finding that amyloid is a specific 

protein aggregation that result in characteristic β-sheet fibrils, it was natural to believe that insulin 

or proinsulin should be the origin of islet amyloid, particularly since insulin can be converted into 

fibrils.117 This assumption was further emphasized when electron microscopy investigations 

provided evidence for the production of islet amyloid fibrils from β-cells.118 However, it was only 

when the molecular composition of islet amyloid was directly elucidated by the amino acid 

sequence analysis that it was realized that the amyloid fibrils consist of a previously unknown β-



  

 
 

cell product,119–121 today called islet amyloid polypeptide (IAPP) or amylin. More details regarding 

earlier studies of islet amyloid can be found in a recent review.122  

3.2. IAPP aggregation in vitro and in vivo: pathways to β-cells toxicity  

It has been well established that hIAPP is a highly aggregative polypeptide both in vitro and in 

vivo.123 Upon dissolving hIAPP in water or the dilution of concentrated hIAPP solution in organic 

solvents into aqueous buffer, there is a rapid and very efficient formation of amyloid fibrils as could 

be observed with various microscopy techniques including electron microscopy and atomic force 

microscopy. The fibrils that are formed possess classical amyloidal features including distinct β-

sheet structure as observed by spectroscopy and strong typical birefringence upon staining with 

Congo red and examination using cross-polarised light.124 Furthermore, X-ray diffraction analysis 

of hIAPP fibrils show clear cross-β organization with a typical 4.7 Å meridional signal as observed 

with other amyloid fibrils.125 The formation of amyloid structures by hIAPP was not only observed 

in human patients but also in test tube, as well as animal models. When pancreatic samples from 

transgenic mice or islets transplanted into T1D patients were examined, there was a clear indication 

of the formation of IAPP deposits within the β-cells. Pancreas from patients with type 2 diabetes 

recovered during autopsy is autolytic, and the amyloid appears extracellular. The introduction of 

transgenic mice expressing human IAPP made it possible to recover islet material with preserved 

morphology. On sections from this material, it was possible to detect intracellular amyloid. The 

same is seen when normal human islets are transplanted into T1D patients.126 These deposits could 

be stained with the Congo red and show other features of amyloid fibrils. The β-cell mass loss in 

islets with hIAPP aggregates as observed in T2D suggested a role for IAPP aggregates in the 

progression of the multifactorial disorder as was previously suggested for neurodegenerative 

diseases such as Alzheimer's disease and Parkinson's disease. From the mouse models, it was clear 

that IAPP amyloid appeared both intracellularly and extracellularly.127 hIAPP is synthesized as a 

proIAPP molecule and processed by the two prohormone convertases PC2 and PC1/3. This pH-



  

 
 

dependent process takes place in the late Golgi and the secretory granules.128,129 Rising blood 

glucose levels result in a compensatory increase in hIAPP and insulin synthesis and secretion. 

During this stressed condition, there is an increased risk for aberrant pro-hormone processing, and 

the production of incomplete hormones, further increasing the demand on beta cells. TEM analysis 

of intracellular amyloid in mouse and human pancreas identified intragranular fibrils, and with 

specific antibodies, the presence of proIAPP in the amyloid was confirmed.130 Fibrils at this 

location suggest that pro-hormone processing may be affected and that proIAPP accumulates. 

Expression of proIAPP in the beta-cell containing PC2 and PC1/3, and where proIAPP is processed 

into IAPP, did not result in amyloid formation while the expression of proIAPP in GHC4 cells 

lacking both convertases resulted in amyloid composed of proIAPP.131 These results suggest that 

aberrant processing can result in the accumulation of proIAPP and proIAPP intermediates that are 

more amyloidogenic.131,132 During the passage, there is an opportunity for proIAPP to misfold, 

especially if the peptide is present at a high concentration. Isolated human islets can be used for 

transplantation and function as an enhance model system for islet amyloid. In human islets 

transplanted under the kidney capsule of nude mice islet amyloid developed rapidly and fibrillary 

aggregates were present intracellularly in compartments resembling organelles in the constitutive 

pathway (Figure1).133 

 



  

 
 

 

Figure 1. A) Human islet from a diabetic subject where most of the β-cells are replaced by amyloid. 
Congo red- Bar 50 µm. B) β-cell with intracellular amyloid-containing secretory granules. White 
arrows point to amyloid. C) Proposed sequence of events leading to islet amyloidosis: a) First, the 
processing of proIAPP is affected by factors such as high levels of NEFAs or glucose. Granules of 
amyloid-like fibrils fuse and form proIAPP amyloid deposits; b) Over time this aggregate enlarges 
and replaces most of the cell; c) the affected cell dies and the amyloid becomes extracellular and 
can act as a template for further amyloid formation; d) amyloid is now made up by IAPP secreted 
from neighboring β-cells. Formation of extracellular amyloid is preceded by the formation of 
cytotoxic intermediates, which can interact with cell membrane of surrounding cells and cause ion 
influx triggering apoptosis.130 This Figure is reproduced with copyright permission from Reference 
130.  

 

Despite the presence of hIAPP amyloid aggregates in vivo, there was a need to establish the 

mechanistic link between the fibrils and the observed toxicity. Indeed, the exposure of β-cells to 

hIAPP aggregates results in a clear cytotoxic effect as could be determined by cell viability assays 

such as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. This assay is 

based on the reduction of yellow tetrazole to purple formazan in living cells that allows the 

quantitative assessment of level of viability using colorimetric tests. hIAPP aggregates, and to 

higher extent their early soluble oligomers, were found to be highly toxic to pancreatic cells in a 

similar manner as the toxicity of Alzheimer's disease β-amyloid assemblies to various cells 

including neuronal ones. hIAPP samples were shown to interfere with the integrity of cellular 

membranes as well as model lipid membranes.134,135 One of the toxic species of hIAPP is reported 



  

 
 

to be the soluble oligomers which are transient in nature.136 This observation is similar perhaps to 

the studies of other amyloidal polypeptides and proteins including Alzheimer's disease β-amyloid 

polypeptide and Parkinson's disease α-synuclein protein. Also on the morphological level, the 

oligomeric assemblies that are formed by hIAPP, highly resembles those formed by Aβ-amyloid 

and α-synuclein when they are examined using electron microscopy.136 

Membrane-bound biological macromolecules cover the cell surface, and their composition 

differs between cell types but include different compositions of cell surface proteoglycans. The 

association between amyloid and proteoglycans, particularly heparan sulfate proteoglycan (HSPG), 

is well known.137,138 When hIAPP amyloid deposits extracellularly, mainly β-cells are affected 

while α-cells appear to be less sensitive. hIAPP added to cultured islets, or β-cells interact with the 

cell surface causing invaginations of the cell membrane and pointing to direct interaction.139 The 

addition of heparin potentiates hIAPP aggregation in vitro, and a region at the N-terminal part of 

hIAPP has been identified as a binding site.140–142 Heparanase cleaves the carbohydrate chains of 

cell-surface HSPG present on beta cells.143 The culture of islets isolated from double transgenic 

mice overexpressing heparanase and hIAPP results in reduced islet amyloid deposits142 supporting 

cell-surface association driven by sulfated carbohydrates. IAPP interacts with the death receptors 

present on the β-cell surface.142,144 Through the intracellular domain, the procaspase 8 pathway is 

activated and, subsequently, the intrinsic pathway that results in procaspase 3 cleavage and 

induction of apoptosis.145 

3.3. Molecular determinants of IAPP fibril growth.  

There are a number of physicochemical properties which govern the growth of hIAPP into amyloid 

fibrils. They can be divided into two groups: those intrinsic to the polypeptide chain and those of 

the environment in which the peptide self-assembly takes place, which are usually well-determined 

in in vitro assays and less well-determined in an in vivo context. Here we focus on the intrinsic 

properties of hIAPP. We first discuss the key regions of the IAPP sequence which promote the 



  

 
 

aggregation of the peptide, and then focus on how the amino acid sequence affects aggregation by 

collating the results from a large number of studies using sequence variants. Finally, we summarise 

the structural conformations of hIAPP and the possible intermediates that are on-pathway to 

amyloid fibril formation. We also highlight the need for new approaches and the integration of 

different techniques for the study of these complex amyloid assembly processes.  

3.3.1. Aggregation-prone regions of hIAPP  

The amyloidogenic behavior of proteins and peptides depends critically on the presence of stretches 

of contiguous amino acids in their sequences which have a tendency to aggregate (namely 

aggregation-prone regions, or APRs). These sequences can promote aggregation and the formation 

of the cross-β structures of amyloid fibrils.146,147 The sequence of IAPP is highly conserved across 

different species,148,149 yet crucial inter-species differences have been identified which play 

important roles in modulating the propensity of the peptide to aggregate. Figure 2 shows the amino 

acid sequences of IAPP from various species. Human, baboon and buffer fish IAPP have been 

reported to form amyloid fibrils.148,150,151 Praire vole, cat and porcine IAPP can form amyloid fibrils, 

but with lower aggregation propensity.148,152 Rat, mouse, bovine and dog IAPP do not from amyloid 

aggregates.148,153,154 Monkey, bear and horse IAPP have not been studied in vitro. The numbers at 

the bottom of each column in Figure 2 denote the degree of conservation according to the coloured 

scale under the alignment, determined by ConSurf.155 These alignments show how small sequence 

changes can have dramatic effects on aggregation. For example, hIAPP and rat-IAPP (rIAPP) have 

83% sequence identity, but while hIAPP aggregates rapidly into amyloid fibrils in vitro, rIAPP does 

not form fibrils under the same experimental conditions.154,156 When comparing the sequences of 

these two peptidess, the variation is particularly obvious in the region spanning residue 20 to 29. 

Early work by Westermark and colleagues evaluated the aggregation capability of peptides 

containing this region and found that this segment can form amyloid fibrils in isolation in vitro.123 



  

 
 

It was therefore suggested that residues 20-29 of hIAPP play a crucial role in its aggregation into 

amyloid and might be the key determinant which drives its amyloid growth.157 

 

 

Figure 2. Amino acid sequence of IAPP from various species. The amino acid sequence of IAPP 
is highly conserved with a disulfide bond between Cys-2 and Cys-7 residues and an amidated C-
terminus. The peptide region spanning residues 20 to 29 shows the highest sequence variation 
among the species which is highlighted in the box.  
 

However, later research showed that other peptide fragments from different regions of hIAPP can 

also self-assemble into amyloid fibril structures. These fragments of 5 to 30 residues in length 

covered peptides spanning residue 8 to the C-terminal residue of hIAPP.158–160 The work identified 

the shortest APR to be the pentapeptide FGAIL (residues 23-27) which in isolation was sufficient 

to form amyloid fibrils.158 Apart from this pentapeptide, Mazor and colleagues identified other two 

pentapeptides (FLVHS (residues 15-19) and NFLVH (residues 14-18)) which also formed amyloid 

fibrils in vitro.161 By developing a peptide array scanning approach, these authors also 

systematically mapped the regions of hIAPP which might contribute to the molecular self-

recognition process during amyloid formation. Surprisingly, the fragment showing the highest 

binding affinity to full-length hIAPP was a ten-residue peptide spanning residues 11 to 20 

(RLANFLVHSS), indicating that despite not being part of the major APR, this region of the 

polypeptide is important for inter-molecular interactions that could be relevant to amyloid 

formation. Therefore, the aggregation of this peptide hormone is not likely to be governed by a 

single molecular recognition motif in the polypeptide chain. Instead, its self-assembly process could 



  

 
 

be more complex and it is essential to consider this process in the context of the whole polypeptide 

chain, rather than as the behaviour of a series of short peptide fragments which are unlikely to 

mimic the behavior of the full-length polypeptide chain. 

 

3.3.2. Residue-specific determinants of hIAPP aggregation 

The intrinsic physicochemical properties of a polypeptide chain play a major role in determining 

the tendency of a protein/peptide to form amyloid fibrils, especially when aggregation is initiated 

from an unfolded or intrinsically disordered state.146,162,163 This is the case for hIAPP, for which 

aggregation commences from a disordered 37 amino acid peptide. The chemical properties of the 

amino acids, such as charge, hydrophobicity and aromaticity, are the key factors which affect 

aggregation property.146 Therefore, an understanding of the relationship between amino acid 

composition and amyloidogenicity is essential to define the molecular determinants of hIAPP 

amyloid growth. Studies of hIAPP sequence variants of both full-length hIAPP and its truncated 

variant, IAPP8-37, have been used to determine the role of different amino acids in hIAPP 

amyloidogenicity (Figure 3). Because the N-terminal region of the hIAPP sequence (residue 1 to 

13) does not aggregate on in isolation164 and is hypothesised to be outside the fibril core165 (as 

confirmed by three recent cryo-EM structures of hIAPP amyloid formed in vitro166–168), most 

studies have focused on the central to C-terminal region of the sequence, which is known to contain 

IAPP’s APRs.165,169 Interestingly, the only known natural variation of the hIAPP sequence is a 

serine to glycine substitution at position 20.170 This residue is located in the second APR (residues 

20-29), dramatically enhances the rate of hIAPP aggregation in vitro, and it has been linked to an 

early-onset form of T2D.171,172 However, the mechanism by which this single point mutation 

accelerates aggregation and disease onset remains unknown.  

 



  

 
 

 

Figure 3. Studies of sequence alterations on the aggregation of full-length hIAPP and 
truncated IAPP8-37. Amino acid substitutions in red show higher aggregation propensity as 
compared to wild-type hIAPP, with a shorter lag-time; substitutions in blue show a lower 
aggregation propensity with an extended lag-time or no aggregation; substitutions in green did not 
change the aggregation behavior as compared to that of the wild-type hIAPP. X is 2-aminobutyric 
acid (2-Abu). Cam is carboxyamidomethyl protecting group. N-MeG and N-MeI are N-methylation of 
the peptide bonds at Gly-24 and Ile-26. isoD is isoAsp.  
 

There are three positively charged residues (Lys-1, Arg-11 and His-18) in the sequence of hIAPP, 

leading to a positively charged peptide at physiological pH (theoretical pI = 8.90). On the one hand, 

these positive charges contribute significantly to the interactions with negatively charged 

membranes, which are relevant for membrane-catalysed fibril formation as well as for peptide-

induced cell toxicity.173–175 On the another hand, it is well established that an increase of the overall 

net charge of unfold proteins or polypeptides can decrease their aggregation propensity due to 

increased inter-molecular electrostatic repulsion.146 To determine whether positively charged Lys-

1 affects the aggregation of hIAPP, as well as the importance of electrostatic repulsion in 

modulating peptide self-assembly, three variants have been studied (ΔLys-1,176 and the amino acid 

substitutions, K1E152 and K1I150). The aggregation kinetics of the three variants is similar to those 

of wild-type hIAPP in PBS buffer, suggesting that modification of Lys-1 has no dramatic influence 

on amyloid formation and is unlikely to be a key determinant of self-association under the reported 

experimental conditions. Interestingly, all these variants are less toxic to INS-1 β-cells, which 

suggests that the N-terminal residue is involved in modulating toxicity.150,152,176 



  

 
 

 Another amino acid which has been extensively studied is His-18. The protonation state of 

histidine is dependent on the pH of the buffer and it is speculated that the ionisation state of this 

residue plays a key role in the fibrillation of hIAPP.177 The importance of His-18 is also suggested 

by this residue being one of the six amino acids that differ between hIAPP and the non-

amyloidogenic rIAPP which contains an arginine in this position (Figure 2). By generating a 

“humanizing" R18H amino acid substitution in rIAPP, Green and co-workers demonstrated that 

this variant containing only one amino acid substitution can form amyloid fibrils, highlighting the 

importance of His-18 in modulating hIAPP fibril formation.178 A follow-up study in which His-18 

in hIAPP was replaced with four different amino acids that varied in polarity, charge and size 

showed that all the sequence variants could form fibril aggregates, but are less amyloidogenic with 

an extended lag time than the wild-type sequence, indicating that the size, charge and 

hydrophobicity of this residue position are important for inter- and/or intra-molecular interactions 

which are relevant to hIAPP amyloid growth.171,172  

 Another crucial chemical feature of amino acids is their aromaticity. There are three 

aromatic residues in the hIAPP sequence (Phe-15, Phe-23 and Tyr-37) (Figure 2 and 3). The role 

of these amino acids in facilitating hIAPP amyloid growth has been extensively explored,159,179–182 

but their contributions to peptide self-assembly are still under debate. Early studies focused on 

fibrillogenic segments which contain Phe-15 or Phe-23, i.e. segments 12-18 (LANFLVH),159 20-

29 (SNNFGAILSS)123,179 and 22-27 (NFGAIL)180. To dissect the effect of Phe-23 on fibril growth 

(relative to other amino acid in this region), an alanine scan was performed on the hexapeptide 

NFGAIL.180 The substitution of this phenylalanine in this peptide sequence to alanine abolished 

amyloid formation, demonstrating that aromatic interactions can serve as a key stabilising element 

in fibril growth, possibly through π-π interactions.183 Both the chemical and structural properties of 

alanine cannot fulfil this role, as alanine is not aromatic, is less hydrophobic and has lower β-sheet 

propensity.182 Amino acid substitutions of Phe-15 and Phe-23 were also made on peptides 

LANFLVH and SNNFGAILSS, respectively, and their aggregation propensity was determined by 



  

 
 

various biophysical techniques.159,179 Surprisingly, both studies showed that an aromatic residue at 

either of these two positions is not required for fibril formation, demonstrating that the requirement 

of an aromatic residue for aggregation is exquisitely sensitive to the precise sequence of peptide, 

including its length and hence the flanking residues surrounding the Phe in question. Nonetheless, 

the different substitutions of Phe-15 or Phe-23 did affect the rate of aggregation, again highlighting 

how a single amino acid substitution can alter the aggregation properties of the peptide sequence.   

 To further explore the effect of aromatic amino acids on hIAPP aggregation, substitution of 

Phe-15 and Phe-23 were also made in the context of the full-length peptide, the results showing 

that a Phe at these positions is not required for amyloid fibril formation.181,182,184 Similar to the 

peptide segments described above, replacement of these aromatic residues has an impact on the 

aggregation kinetics, leading to the suggestion that these residues are involved in forming early 

inter-molecular interactions at the onset of the aggregation pathway.181 In particular, the formation 

of hIAPP amyloid fibrils has been suggested to require long-range interactions between the C-

terminal Tyr-37, with Phe-15 and Phe-23.165,184,185 A more comprehensive study on the role Phe-15 

in hIAPP aggregation demonstrated the relationship between the local secondary structure of the 

peptide and its aggregation propensity.181 Specifically, amino acid substitutions in this position 

introducing residues with a high α-helical propensity and low β-sheet propensity resulted in 

peptides which formed fibrils more rapidly with shortened lag time, as monitored by thioflavin T 

(ThT) fluorescence assay.181 This observation supports a helix-mediated association model for 

hIAPP, in which the initial oligomerisation process of hIAPP involves the acquisition of an α-helix 

conformation which results in high local concentration of the aggregation-prone sequences and 

promotes amyloid formation.186 

 Although the studies described above led to the conclusion that aromaticity is not required 

for hIAPP amyloid growth, the variation in aggregation kinetics among the different peptide 

variants studied may result from the change in both hydrophobicity and β-sheet propensity of the 

corresponding peptide sequences. Indeed, several groups have demonstrated that the aggregation 



  

 
 

propensity of proteins or peptides is strongly correlated with hydrophobicity and β-sheet 

propensity.146,163,187 More importantly, these two properties of amino acids have been widely used 

as key predictors of amyloid propensity in computational studies.188,189 Nilsson et al. explored the 

relationship between hydrophobicity and self-assembly by using the hIAPP fragment 

(20SNNFGAILSS29).179 To cover a broad range of hydrophobicity values both natural and non-

natural amino acids were introduced, of which cyclohexylalanine (Cha), α-naphthylalanine (1-

Nap), and β-naphthylalanine (2-Nap) with hydrophobic values of 2.72, 3.08 and 3.12, respectively, 

are more hydrophobic than phenylalanine (1.79). These authors found that all sequence variants 

could form amyloid fibrils, with variants containing 1-Nap or 2-Nap exhibiting more rapid 

aggregation kinetics and more favourable thermodynamics of amyloid formation than wild-type 

peptide fragment. The propensity to form a β-sheet has also been suggested as another crucial 

molecular determinant of amyloid fibril formation. Replacement of amino acids in the β-sheet core 

regions of fibrils with β-sheet breaker amino acids (such as proline) can attenuate or abolish the 

aggregation of hIAPP, as exemplified by several single residue variants (Figure 3).172,190,191 In 

another study, N-methylation of the main-chain was exploited to inhibit peptide self-assembly by 

disfavouring β-sheet formation,192 with a double N-methyl modification in hIAPP at positions 24 

(Gly) and 26 (Ile) (Figure 3) arresting fibril formation for up to 2 weeks, while the wild-type hIAPP 

sequence forms fibrils within 2.5 h.193 Moreover, hIAPP containing this modification is also able 

to inhibit aggregation of wild-type hIAPP into β-sheet rich structures by trapping the wild-type 

sequence in non-amyloidogenic conformations.193 Together, these studies shed light on the key 

roles of both hydrophobicity and β-sheet propensity in hIAPP aggregation.  

 The sequence of hIAPP contains a high percentage of asparagine residues (6 of its 37 amino 

acids) (Figure 3). There are several reasons for the study of asparagine residues in the context of 

amyloid formation. First, several of the asparagine residues in hIAPP have been proposed to 

contribute key interactions in oligomer formation.152,194,195 Second, deamidation of asparagine 

(forming aspartic acid) can occur spontaneously without enzymatic catalysis and can affect the 



  

 
 

aggregation of polypeptides, including hIAPP.196 Several studies have shown that deamidation of 

Asn residues can change the fibril formation of hIAPP.194,197–199 For example, O’Connor and 

colleagues used mass spectrometry to determine the sites of deamidation of hIAPP in both soluble 

species and insoluble fibrils.197 To determine the effect of deamidation on fibril growth, variants 

containing aspartic acid or iso-aspartic acid at the deamidation sites (Asn-21, Asn-22 and Asn-35) 

were synthesised and their aggregation behaviour was assessed using ThT fluorescence. The three 

variants formed fibrils with enhanced kinetics, suggesting that deamidation can indeed accelerate 

the aggregation of hIAPP, possible by enhancing favourable electrostatic interactions with 

positively charged residues. 

 Miranker and co-workers followed a different approach to evaluate the role of asparagine in 

hIAPP aggregation. They systematically substituted five of its six asparagine residues (omitting 

only Asn-3 for their study) to leucine in the truncated IAPP8-37 sequence.200 The substitution of Asn 

with Leu maintains a similar steric volume yet removes the possibility of hydrogen bond formation 

by the Asn amide side chain. Surprisingly, apart from N22L which had little effect on aggregation, 

the other four single Asn variants were found to behave slightly differently in terms of their 

aggregation behavior when compared with wild-type hIAPP: N31L and N35L slowed down 

aggregation, while N14L and N21L inhibited amyloid formation, highlighting the importance of 

inter- and/or intra-molecular interactions (e.g. hydrogen bond formation) by these residues in fibril 

growth and/or fibril stability. Other researchers have also studied the role of Asn-21 on hIAPP self-

association.195 Strikingly, introduction of a proline residue at this position was found to accelerate 

the aggregation kinetics, which is contradictory to the expectation that proline substitutions usually 

inhibit the fibrillation process since Pro is incompatible with secondary structure formation. The 

authors speculated that a turn-inducing residue such as proline could constrain the peptide into 

conformations that facilitate self-assembly. In a different study Raleigh and co-workers evaluated 

the effect of Asn-22 on hIAPP amyloid formation and cytotoxicity, and showed that replacement 

of Asn-22 with Gly has only a modest effect on the rate of amyloid fibril formation.152 This 



  

 
 

observation was also reproduced in the context of the truncated variant IAPP8-37.200 Although there 

is no obvious difference in the rate of amyloid formation, the N22G substitution showed reduced 

toxicity towards β-cells, which was interpreted by the oligomeric intermediates of assembly being 

drastically different for the two peptides because of the amino acid substitution. In summary, results 

from these studies using both truncated and full-length hIAPP show that its asparagine residues, 

especially Asn-21, are involved in specific interactions such as hydrogen bond formation that 

mediate intra- and inter-molecular interactions and ultimately determine the conversion from 

soluble peptide into insoluble amyloid fibrils.  

3.3.3. The presence of a disulfide bond affects hIAPP aggregation 

IAPP from all species contains a conserved disulfide bond between Cys-2 and Cys-7 which is 

outside the fibril core structure (Figure 2).165 Although the self-assembly of proteins into amyloid 

fibrils usually depends critically on the sequence of the amyloid core regions or APRs, regions 

outside the core can also contribute significantly to the amyloidogenicity of proteins or peptides.201 

The single conserved disulfide bond in hIAPP forms a six-residue loop linking Cys-2 and Cys-7 

which could constrain the conformation of the peptide and prohibit the formation of a β-strand 

structure in this region. To evaluate how this intra-molecular disulfide bridge affects the 

aggregation of hIAPP, different variants have been generated and studied, including the well-

characterised IAPP8-37 which lacks these two Cys residues, and also a reduced and 

carboxyamidomethyl (CAM) blocked full-length peptide (hIAPPCAM). The fibril growth kinetics of 

hIAPP variants lacking the disulphide bridge showed that the presence of the disulphide is not 

required for amyloid formation.202 Nonetheless, these variants were shown to aggregate more 

rapidly than the wild-type sequence, demonstrating that this peripheral region can influence the 

self-assembly kinetics of hIAPP, specifically by shortening the lag phase. Later on another study 

further discussed the role of this conserved disulfide bond.203 More variants were created, with all 

variants which lacked the disulfide bond-containing region resulting in enhanced amyloidogenicity, 

indicating that the disulfide bond is able to protect the peptide from aggregation into amyloid fibrils. 



  

 
 

This protective role of the disulfide bond was also observed in a NMR study conducted with both 

reduced and oxidised forms of hIAPP.204 The detailed structural characterisation revealed that the 

conserved disulfide bond stabilises the N-terminal region of hIAPP in an α-helical conformation, 

and hypothesized that this more structured monomeric state slows down self-association into 

amyloid. Interestingly, stabilising these pre-amyloid α-helical intermediates with α-helical mimics 

(foldamer) also inhibits the aggregation of hIAPP, further highlighting the finding that maintaining 

the α-helical conformation of the N-terminal domain of hIAPP can prevent its amyloidogenic 

aggregation.205,206 Despite the aggregation kinetics being highly dependent on the experimental 

conditions, such as buffer, pH and co-solvents among others, several groups using different 

experimental conditions have observed the same protective effect of the internal disulfide bond in 

disfavouring amyloid formation. Thus, despite being outside of the fibril core, this flanking region 

containing the disulfide bond protects against hIAPP aggregation into amyloid fibrils.  

3.3.4. Conformational states of monomeric hIAPP and oligomeric structures related to hIAPP 

aggregation. 

The self-assembly of hIAPP into amyloid fibrils occurs via classical nucleation-growth mechanism 

which shows sigmoidal aggregation kinetics characterised by a lag phase, growth phase and plateau 

phase.207 Primary nucleation occurs during the lag phase in which the soluble hIAPP monomers 

assemble into oligomers, followed by the generation of assembly nuclei. These nuclei can then 

further develop and elongate to form protofibrils and fibrils in the growth phase. Newly formed 

fibrils can accumulate and further catalyse the formation of new fibrils via secondary nucleation on 

the fibril surface and by fragmentation which generates more fibril ends. Eventually a steady-state 

phase is achieved wherein soluble peptide is in equilibrium with the fibrils.207 These highly dynamic 

aggregation processes include the formation of potentially a large number of different, transient 

oligomeric intermediates with different conformations, stability and potentially different roles in 

cytotoxicity and the fibril formation process. Owning to the complex nature of amyloid self-

assembly processes, it remains a challenge to acquire detailed structural information of these 



  

 
 

transient and heterogeneous intermediates, although exciting recent progress has been made for 

some amyloidogenic systems.208–210 

 Recently, different techniques including solid-state and solution NMR,209 2D infrared 

spectroscopy (2D IR),211 native mass spectrometry (MS) coupled with ion mobility sepctrometry,212 

hydrogen deuterium exchange (HDX) MS and fast photochemical oxidation of proteins (FPOP) 

MS213 have provided exciting possibilities to study oligomers and their structures, and to further 

understand their roles in amyloid fibril growth. Indeed, Buchanan and colleagues used 2D-IR 

spectroscopy and specific isotope (13C) labelling to characterise oligomers formed during the lag 

phase of hIAPP assembly. These experiments showed that structured prefibrillar oligomers of 

hIAPP contain a parallel β-sheet structure that includes residues 23 to 27 (FGAIL), and this region 

has long been identified as an APR.211 Detailed mutational studies and molecular dynamics 

simulations also indicated that this oligomeric state is likely to be on-pathway to fibril formation. 

Interestingly, this β-sheet structure is thought to be disrupted during aggregation, as eventually this 

sequence is thought to adopt a loop conformation in the final fibril structure.165 A different study 

used double isotopic labelling of Leu-12 and Ala-13 to monitor changes in the dihedral angle of 

these residues during aggregation, and demonstrated that this region displays helical features when 

hIAPP is in its monomeric state.214 It was hypothesized that these α-helices could seed hIAPP 

oligomer formation, consistent with the results using amino acid substitutions described above,  but 

also able to stabilise small β-sheet oligomers reported previously.214 

 Most conventional biophysical approaches used for the study of amyloid growth are 

restricted in that they can only provide information that corresponds to a global, average structural 

property of the different species that co-exist during aggregation. Developments in MS techniques, 

however, have enabled the native structures of biological molecules to be maintained in the gas 

phase, allowing different oligomers formed during aggregation into amyloid to be individually 

identified and characterised without requiring prior separation (e.g. for β2-microglobulin,215 hIAPP 

and rIAPP,156 Aβ40
216). When paralleled with ion mobility spectrometry (IM), nESI-IM-MS allows 



  

 
 

complex mixtures transiently populated oligomers to be separated and each species individually 

characterised based on their mass, shape, charge and size, and also allows the discrimination of 

species with the same mass-to-charge ratio.217,218 Using ESI-IM-MS two distinct structural families 

of hIAPP monomers were observed and these two conformations were identified as β-hairpin and 

helix-coil structural super families by replica exchange molecular dynamics (REMD) 

simulations.219 By comparing these species with those observed in the non-amyloidogenic rIAPP, 

the β-hairpin conformation was proposed to be the amyloidogenic precursor of hIAPP that may 

directly assemble into amyloid fibrils.  

3.4. The role of metal ions: Ca++, Mg++, Zn++, Cu++ 

IAPP is co-secreted together with insulin and carried to the extracellular space in lipid-bearing 

vesicles through an endocytosis/exocytosis mechanism. The phospholipid composition of lipid 

vesicles is asymmetric and similar to the islet cell membrane: i.e. they contain negatively charged 

phospholipids in their inner lumen. An abnormal peptide/membrane interaction may negatively 

influence the availability of hIAPP to extracellular compartments. It is important to understand the 

role of adverse environmental factors such as the dyshomeostasis of some metal ions in influencing 

the properties of hIAPP and its interactions with lipid bilayers, which could provide further insights 

into the molecular mechanisms of T2D. It has been observed that a genetic disease known as 

hypercalcemia linked to the reduction in the expression of the calcium receptor gene is implicated 

in the development of diabetes in people with this genetic disease. This observation supports the 

idea that calcium dyshomeostasis may be linked to the development of diabetes220. From this 

observation, it has been suggested that high concentrations of calcium in the plasma may activate 

mechanisms involving hIAPP in the process of membrane destruction. Biophysical investigations 

have demonstrated that Ca++ and not Mg++ act as a switch in the mechanism of membrane damage 

induced by hIAPP on negatively charged (POPC:POPS 3:1) membranes, i.e., these metal ions 

repress ion-like pore formation and promote the detergent-like mechanism221. No influence of Ca++ 



  

 
 

or Mg++ was observed in the interaction of rIAPP and these membranes. It was also observed that 

hIAPP in the presence of Ca++ may penetrate into the hydrophobic core of the membrane, assuming 

a β-sheet conformation.222 The same behaviour was reported for Aβ40 interacting with model 

membranes. Other metal ions, such as zinc, copper, and iron, have also been associated with 

diabetes.223,224 Interestingly, the same behavior observed on hIAPP was found in the interaction of 

Aβ40 and model membrane,225 suggesting a common molecular mechanism in damage of model 

membranes. hIAPP and Zn++ play an essential role in regulating glucose concentration. Zn++ is 

stored in islet granules, where its concentration is of the order of mM.99 Notably Zn++ deficiency 

has been observed in patients with diabetes. NMR and AFM studies have indicated that Zn++ binds 

to prefibrillar oligomeric species of hIAPP during the lag-phase and promotes fibril formation by 

coordinating to His-18.95 Interestingly a high-resolution NMR structure revealed an off-pathway 

zinc-bound complex in which Zn++ is coordinated to His-18.97 Also, the interaction of hIAPP with 

Zn++ is strongly dependent on the concentration of the metal ion: during the lag-phase (tipically 40 

min.) high concentrations of Zn++ (10 mM) favors the formation of large Zn++-hIAPP aggregates 

over the control sample. At a lower concentration (100 µM Zn++), the size of Zn++-hIAPP 

aggregates is even larger than those observed at a high concentration of Zn++. These studies also 

showed that Cu++ ions behave differently to Zn++ ions. Inthe presence of Cu++ ions, no hIAPP dimers 

are formed, and Cu++ inhibits the formation of fibrils94,226,227. Moreover, studies on hIAPP 

fragments have shown that the Cu++ ion prefers to follow interatct with region 18HSSNN22 as Zn++ 

ions. While the presence of His-18 is necessary for the formation of the hIAPP-Zn++ complex, Cu++ 

binds to hIAPP even in the absence of histidine. On the contrary, other studies have shown that 

Cu++ ions bind to His-18 and Ser-19 and Ser-20 residues of hIAPP228.  

3.5. The role of membrane composition, lipid rafts and cholesterol 

The cell membrane is a very complex entity and plays the role of separating the highly ordered space 

inside the cell from the chaotic space outside the cell. It consists of phospholipids and cholesterol 



  

 
 

organized in a bilayer where proteins are also present. The phospholipid composition of the bilayer 

is asymmetric, containing zwitterionic and negatively charged229,230 phospholipids. Negatively 

charged phospholipids are mainly present on the inner side of the cell membrane. The bilayer contains 

30 to 50 % cholesterol231 which has the role of making the membrane fluid and the order-disorder 

state of the bilayer,232 increase the bilayer mechanically rigid,233 regulate the mechanism controlling 

membrane phospholipid asymmetry234 and contributing to the integrity of the raft domains.235 

Polymorphism of model membranes containing single-component phospholipids having saturated 

acyl chains (di-acyl-phosphatidylcholine) change with temperature: at low-temperature acyl chains 

are strongly packed in a state known as the gel-phase (Lβʹ), with increasing temperature first the ripple 

phase (Pβʹ) occurs and then the so-called liquid crystalline lamellar phase (Lα). Two micro-phases can 

be detected in a ternary system containing lipids with a high phase transition temperature, lipids with 

low phase transition temperature, and cholesterol in the liquid crystalline phase. These phases are 

called the liquid-ordered (lo) and liquid-disordered (ld) phases in reference to the lipid acyl chains 

order within the micro-each phase.236–240,240,241 These micro-domains are called lipid rafts. To explain 

the interaction between cholesterol and phospholipid acyl chains, the “push and pull” mechanism was 

proposed, where unsaturated acyl chains push cholesterol and the saturated acyl chains pull 

cholesterol, and the interactions that push cholesterol away are driven by enthalpy,242,243 It is known 

that cholesterol regulates glucose metabolism in adipocytes altering raft membrane properties244 and 

by activating several transcription factors.245 There is evidence that cholesterol is implicated in 

lipotoxicity of the β-cell dysfunction in T2D246. A recent study showed that an elevation in islet 

cholesterol promotes IAPP aggregation and islet amyloid formation in mice.247 The same results were 

obtained using a model membrane containing different amounts of cholesterol. In particular, in a 

model membrane containing lipid raft (1:2 mole ratio of POPC:DPPC), increasing cholesterol 

concentration enhanced ion-channel formation and repressed the “detergent-like” mechanism of 

membrane disruption. Conversely, increasing cholesterol in the non-raft-containing (7:3 mole ratio 

of POPC:POPS) membrane, ion-channel formation was repressed and ‘detergent-like’ mechanism 



  

 
 

was enhanced. Also, increasing cholesterol concentration in the raft increases the micro-domain in 

the membrane and decreases their size. Besides, hIAPP-penetrating model membranes (7:3 

POPC:POPS) containing cholesterol is driven by three effects: the electrostatic interaction between 

membrane and hIAPP, the match between the hydrophobic domain of hIAPP and membrane 

thickness, and the stiffness effect that cholesterol induces on the bilayer. Conversely, in model 

membranes containing lipid raft, the small domains formed by DOPC lipids that have a small 

thickness (ld phase) suggests that they favor the formation of pores, while the large domains of DPPC 

(lo phase)248 that have a large thickness disfavor the interaction with hIAPP and the formation of 

aggregates249. The data on raft and non-raft model membranes agree with push and pull mechanism. 

It is interesting to note that recently reported fluorescence anisotropy studies on model membranes 

containing POPC, POPS, and several sterols have shown the close correlation between the packing 

of sterols in the bilayer matrix and the formation of fibrils and pores. Sterols that pack efficiently in 

the membrane slow down the formation of fibrils and decrease the formation of ion-channel like 

pores250. Other studies on pores and fibrils formation of hIAPP in the presence of DOPC, POPC, and 

sphingomyelin and mixture of negatively charged phospholipids (POPS) and cholesterol have been 

reported251–255 showing that zwitterionic phospholipids do not affect amyloid formation, while they 

affect pore formation (dye-leakage), with a downward trend in the following order 

DOPC>POPC>sfingomyelin. The presence of 40% or 20% cholesterol inhibits the formation of 

fibrils and pores. Also, the authors emphasize that there is an inverse correlation between the rate of 

fibril formation and dye loss from vesicles256. Notably, Aβ40 interacting with a model membrane 

containing cholesterol shows a similar behavior. Other authors link the distribution of cholesterol in 

the membrane with topological features of transmembrane Aβ oligomers and membrane permeability 

and deformability257,258. Asymmetric distribution of cholesterol into the membrane favors the 

formation of channel-like Aβ assemblies permeable to calcium ions, (e.g., in response to synaptic 

stimulation) would promote membrane vesiculation and Aβ endosomal re-uptake. The symmetric 

distribution of cholesterol and increased membrane rigidity associated with aging would promote 



  

 
 

instead, an increased Aβ aggregation into linear assemblies, triggering, in turn, their dismissal from 

the native membrane259. 

3.6. Intracellular pathological event of oxidative stress and inflammation 

One of the observed effects of hIAPP challenge to cells is the formation of reactive oxygen species 

(ROS) as noted also with other amyloid forming proteins and polypeptides. It was shown that the 

process of amyloid formation, but also its disassembly is associated with the production of ROS in 

a process that is methionine-independent.260 It may well be that beyond its multiple effects, 

including those on membrane integrity, the formation of hIAPP fibrils and oligomers results in an 

extensive oxidative stress on the pancreatic tissue. It is further demonstrated that the binding of 

copper ions to hIAPP generate dityrosine cross-links via ROS formation.261 The formation of ROS 

and their effect on the tissues may partially account for the loss in β-cell mass that is clear outcome 

in the advanced stages of T2D.  Indeed, the modification of various cellular components by ROS 

serves as biomarkers for T2D and pre-diabetic states.262,263  The ability of various aromatic 

polyphenols to act both as potent antioxidant and inhibitors against the formation of amyloidal toxic 

assemblies, as will be discussed below, is an important feature of the potential treatment of the 

multifactorial T2D.    

Another well-established response to the presence of amyloids and other crystalline 

materials is a significant inflammation.264 A major mechanism that was observed is the activation 

of the cytosolic receptor complex called the NACHT, LRR, and PYD domains–containing protein 

3 (NLRP3) inflammasome. This results in a systemic response that could have additional effects 

on various tissues and organs. In the case of hIAPP, it has revealed that the protein can induce the 

expression of interleukin-1β which is the main cytokine involved in inflammation and T2D causing 

inflammation.265 The inflammation process appears to be an important part of various degenerative 

processes as well as other pathophysiological states.  

  



  

 
 

3.7. Increased expression of RAGE and β-cells toxicity. 

Hyperglycemia is a central feature of diabetes. Therefore, it is reasonable to hypothesize that the 

known effects of hyperglycemia on endothelial malfunction and immune cells failure may be rooted 

in adverse biochemical mechanisms due to excessive blood glucose levels. High glucose blood 

levels promote the irreversible non-enzymatic glycation of lipids and proteins thus forming 

advanced glycation end products (AGEs).266 AGEs constitute a highly heterogeneous class of post-

translationally modified species, including several adducts such as carboxy ethyl lysine (CEL), 

carboxy methyl lysine (CML), pyralline, and pentosidine to mention a few.267 An unbalanced 

accumulation of AGEs in tissues and their interaction with their principal cellular receptor (RAGE) 

plays a key role in endothelial and immune cells damage.  

 RAGE is a 35-kDa membrane protein which belongs to the superfamily of 

immunoglobulins.268 It is highly homologous to other neuronal cell adhesion proteins as axonin and 

NCAM.269,270 The structure of RAGE consists of five different domains: i) an extracellular N-

terminal domain, which is needed for cell signaling, consists of a N-terminal V-type and two C-

type Ig regions,271 ii) two separated constant domains named C1 and C2, iii) one transmembrane 

domain anchoring the protein to the membrane, iv) an intracellular C-terminal domain required for 

signal transduction.272,273 The N-terminal V domain of RAGE is the primary site involved in ligand 

binding. Albeit the mechanisms by which RAGE binds its ligands are mostly unknown, the 

cytoplasmic domains of the receptor are homo-dimerized by bridging several charged residues upon 

ligand binding. These movements activate downstream signaling that may induce cell 

proliferation/migration and inflammation274,275, which in turn are linked to diverse diseases 

including neurodegeneration,276 cancer,272 and diabetes273. Downstream signalling and the 

pathogenic pathways activated depend on the type and levels of ligands present in different cells. 

Hence, a detailed understanding of RAGE interactions with diverse range of ligands and the related 

signal pathways is essential for the development of effective treatments of RAGE-related 



  

 
 

diseases.277 Indeed, beyond the AGEs, RAGE is also known to be a receptor for several members 

of high mobility group box 1 (HMGB1), the S100/calgranulin class,278 lysophosphatidic acid 

(LPA), Mac-1 and phosphatidylserine266 amyloid-beta (Aβ) peptide and β-sheet fibrils.279 

Therefore, both glucose- and lipid-modified species may bind RAGE and the diverse groups of 

RAGE ligands suggest that significant links do exist between RAGE activity and an altered 

metabolic state.280 Notably, inscreased RAGE expression is observed in those cells where high 

levels of its ligands are expressed such as endothelial cells, neurons and immune cells (i.e. 

lymphocytes and monocytes/macrophages).281 The observed co-localization of RAGE with many 

of its ligands suggests that additional RAGE-ligands/target cells may exist in diabetes. Based on all 

these findings, some authors have hypothesized that RAGE may play a significant role in the 

development of hIAPP mediated β-cells toxicity: indeed, RAGE is known to activate pathological 

pathways (such as inflammation, oxidative stress, and apoptosis) which results upregulated in 

hIAPP-induced toxicity.282 In turn, RAGE is upregulated by an abnormal accumulation of ligands 

and cannn activate pathogenic intracellular signalling which leads to β cell death.283,284 A recent 

report has demonstrated that toxic prefibrillar forms of exogenous hIAPP bind and upregulate 

RAGE in INS-1 β-cells.285 Interestingly, high levels of glucose induced a similar overexpression of 

RAGE in INS-1 β-cells which anticipated the effects of glucotoxicity and supported a role of RAGE 

in hIAPP-induced glucotoxic stress in β-cells. Moreover, the extracellular, soluble ligand-binding 

domain of RAGE (sRAGE) was shown to bind toxic prefibrillar forms of hIAPP, but not rIAPP, 

mature fibrils or non-toxic hIAPP aggregates. Consistent with its specific binding to toxic hIAPP 

oligomers, sRAGE was able to halt the formation of β-sheet-rich structures and amyloid growth 

when added to hIAPP solutions before the occurrence of the lag phase. Given that sRAGE has the 

same ligand-binding motifs as its membrane-bound cognate, it is likely to compete with RAGE for 

binding to toxic hIAPP species. Consistent with this hypothesis, toxic hIAPP oligomers 

considerably upregulated the RAGE encoding genes; however, a treatment with sRAGE during 

incubation with toxic hIAPP oligomers suppressed the expression of proinflammatory genes. 



  

 
 

Remarkably, neither hIAPP oligomers nor sRAGE or rIAPP alone were able to upregulate these 

inflammation mediators. The role of RAGE in mediating hIAPP-induced toxicity in β-cells was 

also confirmed through in vivo studies using hemyzigous hemi_h-IAPP mice expressing RAGE and 

hIAPP.286,287 These transgenic mice are known to develop islet amyloidosis and β-cells failure but 

not T2D. For this reason, this prediabetic in vivo model is used to disentangle the effects of RAGE 

in hIAPP-induced β-cell toxicity from other stressful factors including the glucose-activated 

formation of other RAGE ligands such as AGEs.287 In particular, pancreatic β-cells of hemi_h-IAPP 

mice exhibited an overexpression of inflammatory genes which was effectively reversed by 

treatment with sRAGE; next, sRAGE was also observed to reduce hIAPP deposition and β-cells 

apoptosis in hemi_h-IAPP mice. The importance of these findings to the development of T2D was 

also probed in human pancreas samples. In particular, hIAPP amyloid accumulation was paralleled 

by a significant increase in RAGE expression in human diabetic β-cells when compared to controls. 

In addition, RAGE colocalizes with insulin and hIAPP-rich areas in human diabetic β-cells. 

Therefore, mature amyloid hIAPP fibers and non toxic hIAPP aggregates do not bind RAGE.  

Blockade of RAGE i) reduces hIAPP-induced inflammation and apoptosis in β-cells and ii) 

ameliorates glucose intolerance in diabetes. sRAGE was also found to conteract toxic hIAPP 

amyloid aggregation in vivo (Figure 4).285 All these findings suggest that RAGE is a valuable target 

for the development of therapeutics for protecting β-cells in diabetes and metabolic disorders, and 

may also inspire further research focusing on the design of targeting RAGE/hIAPP interactions.  

 Remarkably, beyond metabolic disorders and diabetes, similar considerations may be argued 

for many other diseases associated to adverse RAGE signalling including autoimmunity, cancer 

and Alzheimer’s disease: various ligands may specifically accumulate, bind and upregulate RAGE 

which, in turn, activates toxic cellular signals. For example, RAGE interaction with Aβ in neurons 

and microglia is known to foster and activate a number of deleterious effects in neuronal function 

and synaptic transmission thus contributing to the Aβ-mediated cognitive dysfunction observed in 



  

 
 

AD. Notably, in striking analogy to what observed for hIAPP-mediated toxicity in INS-1 β-cells, 

RAGE blockade by specific inhibitors. ameliorates Aβ-mediate neuronal failure.288 
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Figure 4. Schematic diagram illustrating a RAGE-mediated mechanism of hIAPP cytotoxicity in β-cells.  
 
3.8. IAPP trafficking by extracellular vesicles and exosomes 

Extracellular vesicles are released by cells as messengers in cell-to-cell communications. In recent 

years intense research was addressed in extracellular vesicles, especially on exosomes. 

Extracellular vesicles can be classified according to their size. They can be divided into three types: 

exosomes with size 50-200 nm, ectosomes with size 50-1000 nm, and apoptotic bodies with size 

500-2000 nm. Exosomes are micro-vesicles that transport proteins and RNAs. Their bilayer has a 

thickness of about 5 nm and contains different types of lipid such as cholesterol, 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 

lysophosphatidylcholine (lyPC), phosphatidylinositol (PI), ceramides (Cer) and sphingomyelin 

(Smy)289–291. Exosomes regulate many pathophysiological processes including inflammation and 

infection292,293. To date, their role in aberrant protein signalling is not clear. Few data are available 



  

 
 

in the literature and do not show a clear role of exosomes in the interaction with amyloidogenic 

proteins. To explore the relationship between Parkinson's disease and exosomes it was reported that 

exosomes containing PE, PS, PI, PC, GM2, and GM3 gangliosides promote the formation of fibrils. 

The same authors also report that mimic model membranes SUVs containing cardiolipin, 

phosphatidylserine, phosphatidylcholine, GM1 or GM3 accelerate the formation of α-synuclein 

fibrils294. On the contrary, concerning Alzheimer's disease, investigations on exosomes interacting 

with Aβ40 and Aβ42 have suggested that exosomes favor the clearance of amyloidogenic 

fragments. In particular, both exosomes and Aβs are released into extracellular space. Exosomes 

enhance Aβs fibril formation on its surface, and then Aβ fibrils are incorporated into microglia PS-

mediated to degrade Aβ295. Recently, the interaction between hIAPP and exosomes was 

investigated using exosomes extracted from people affected of T2D, healthy people, and human 

plasma that was used as a control. It has been found that exosomes extracted from healthy 

individuals inhibit the formation of hIAPP fibrils, while exosomes extracted from patients having 

T2D and human plasma do not affect the formation of fibrils. Furthermore, the authors 

characterized the lipid composition of the three used extracts. The following lipids were found: 

steryl ester, triacylglycerol, cholesterol, phosphatidylcholine, and sphingomyelin. Surprisingly, no 

charged phospholipids were found, as in the case of neuronal exosomes296. Considering that 

negatively charged phospholipids accelerate fibrillogenesis processes as widely reported, the lack 

of the latter in the islet exosomes probably causes this apparent anomaly. However, there are 

currently few data available to make accurate models describing the role of exosomes in 

amyloidogenic protein-related diseases. 

4. HIGH-RESOLUTION STRUCTURES OF IAPP 

4.1. Computational studies  

The molecular dynamics (MD) studies of IAPP have been reviewed recently by Moore et al.,297 and 

in a broad review article that discusses simulations of several amyloidogenic (poly)peptides.298 



  

 
 

Furthermore, two review articles have focussed on the interactions of IAPP with the membrane299,300 

and another review deals with experimental and computational methods for investigating cross-

seeding of Aβ and IAPP.301 These review articles were published and/or submitted in 2018 so that 

we focus here on the papers published since 2018. A Web of Science search (performed on March 

5, 2020) with the keywords "(amylin OR IAPP) AND simulation*" retrieved a total of 71 papers 

published in the past two years and two months.  A total of 50 papers remained after filtering out 

the reviews, the papers with simulations of spectra, and the articles that did not present new 

simulation results but only compared with previous computational studies.  About one third of these 

50 papers deal with the simulation studies of IAPP oligomers in the presence of small molecule- or 

peptide-modulators of self-assembly. 

We first discuss the simulation studies of monomeric IAPP followed by the investigations 

of multimeric systems, and the influence of self-assembly modulators. The computational models 

and protocols employed are heterogeneous with a prevalence of atomistic force field-based MD 

simulations with explicit or implicit solvent.  In the following, the term "MD simulations" is used 

for classical force field-based models with explicit solvent (and membrane) and unbiased 

simulation protocols (e.g., canonical sampling).  Protocols for enhanced sampling, e.g., replica 

exchange MD (REMD), metadynamics, and/or coarse-grained models are mentioned explicitly.  

4.1.1. Simulations of monomeric IAPP and interactions with lipid membrane 

A single molecule of IAPP has been simulated in the presence of a lipid bilayer 302–304 or without 

membrane to compare the monomeric state of hIAPP and pIAPP 305 or rIAPP.306 In µs-long MD 

simulations Qiao et al. observed transient α-helical and β-sheet structure of monomeric hIAPP 

during adsorption to the surface of a POPG (palmitoyloleoyl phosphatidylglycerol) bilayer. 304 The 

hIAPP adsorption caused bending of the POPG bilayer and hydrophobic irregularities. 

 Scollo et al. investigated hIAPP insertion in a POPC (phosphatidylcholine) bilayer by 

unbiased MD, umbrella sampling MD simulations, and kinetics measurements of dye leakage from 



  

 
 

LUV (large unilammelar vesicles).302 The simulation and experimental results provide evidence 

that the membrane insertion of monomeric hIAPP is facilitated by its association to POPC molecule 

that are free in solution, i.e., in dynamic equilibrium with the POPC bilayer.  The free energy profile 

of insertion, calculated from the umbrella sampling, shows that membrane insertion of a 1:1 

hIAPP/POPC complex is more favorable than insertion of a 1:3 hIAPP/POPC complex. 

Christensen and Schiott combined a coarse-grained model with umbrella sampling and MD 

simulations to study the binding of hIAPP on ganglioside-rich membranes.303 Their multi-scale 

simulations suggest that hIAPP peptides localize in the membrane regions with higher local 

concentration of gangliosides because electrostatic interactions favour the association of the 

cationic hIAPP peptides and the anionic headgroup of the gangliosides. 

Alves and Frigori have compared the monomeric state of hIAPP and pIAPP in solution 

(without membrane) by REMD simulations.305 They observed a random-coil ensemble for the IAPP 

of both species.  One major difference between hIAPP and pIAPP was the presence only in hIAPP 

of β-sheet propensity in the so-called core mutation region (segment 20-29). 

Su et al. have analyzed the monomeric state of hIAPP and rIAPP in solution (without 

membrane) by metadynamics sampling.306 The enhanced sampling results were carried out 

separately with and without NMR chemical shift restraints, and compared to unbiased sampling.  

The simulations suggest different helical propensity for hIAPP and rIAPP but significant 

differences were observed for the same peptide depending on the sampling protocol and/or use of 

experimental restraints.  Overall, hIAPP showed higher solvent-exposure of hydrophobic side 

chains than rIAPP.  

4.1.2. Simulations of oligomerization and fibrillar aggregates 

These simulation studies can be classified in three categories that correspond to the number of 

peptides in the self-assembly, namely, dimers, oligomers, and simulations started from (models of) 

fibrillar structures, respectively. 



  

 
 

4.1.2.1. Dimerization 

Guo et al. used metadynamics to enhance the sampling of the hIAPP dimeric state and the finite-

temperature string method was employed for generating pathways of dimerization.307 The pathway 

analysis revealed a free energy barrier of approximately 7 kBT and nucleation of β-sheet structure 

in the segment 20-29 and also for Leu12-Ala13. 

Qi et al. reported an application of REMD to study the dimerization of the hIAPP segment 

11-25.308 This application was published together with an introduction to REMD simulations and it 

was supplemented by input files for REMD simulation protocols that the authors deemed useful for 

other researchers. 

4.1.2.2. Oligomerization 

Ilitchev et al. used ion-mobility mass spectrometry, AFM, circular dichroism (CD), and REMD 

simulations in implicit solvent to study the co-aggregation of hIAPP and the fragment 106-126 of 

the prion protein.309 The segment 106-126 connects the flexible tail (residues 23-123) and globular 

domain (124-231) of the prion protein and is not homologous to hIAPP.  They proposed a new 

model in which the segment 106-126 of the prion protein induces the formation of β-hairpin 

structure in hIAPP as well as in rIAPP despite the presence of three β-sheet breaking proline 

substitutions. The prion-hIAPP heterodimer converts into a β-hairpin hIAPP dimer by ligand 

exchange in a process which is faster than hIAPP dimerization in the absence of the prion protein 

segment. 

The dimeric, tetrameric, and hexameric states of hIAPP have been investigated by MD 

simulations and compared the results with the Aβ40 peptide, the ovine prion protein, and the SOD1 

dimer.75 For all of these amyloidogenic polypeptides they observed oligomeric ensembles with 

alternate composition of partially structured and disordered monomers. The MD simulation results, 



  

 
 

as well as a theoretical model based on linear stability analysis, were congruent with surface 

enhanced Raman scattering (SERS) measurements of hIAPP. 

Discrete MD (DMD) simulations and ThT fluorescence kinetics experiments have been 

performed to analyze the influence of hIAPP on the aggregation propensity of Aβ.310 DMD is an 

approximative methodin which discrete step functions instead of continuous potentials are used to 

model interatomic interactions in the solute in combination with an implicit treatment of the solvent.  

The DMD simulations, carried out with 2:2 and 4:4 peptide ratios, suggest that the formation of 

heterodimers is favoured by electrostatic attraction between the positively charged hIAPP pept ide 

and negatively charged Aβ peptide. In the heterodimer the unfolding of the helical segment 16-22 

of Aβ promotes Aβ aggregation. The ThT experiments confirmed previous reports on the lag phase 

of Aβ and IAPP coaggregation being shorter than that of Aβ alone and only slightly longer than 

IAPP. DMD was used also to simulate the oligomerization phase of hIAPP.311 Most oligomeric 

states had larger α-helical than β-sheet content, and in about 5% of the simulations β-barrel 

conformations were formed by pentamers and hexamers.  Furthermore, the same research group 

reported that five fragments of amyloidogenic peptides, namely the cytotoxic hIAPP(19–29) and 

its Ser20Gly mutant as well as hIAPP(22–28), Aβ(16–22) and α-nuclein(68-78), formed oligomers 

with β-barrel content in DMD simulations while two non-toxic fragments (hIAPP(15–25) and its 

Ser20Gly mutant) polymerized without assuming β-barrel conformations.312  

4.1.2.3 Formation and/or stability of fibrillar structures 

Qian et al. carried out MD simulations of the early steps of insertion of hIAPP fibrillar oligomers 

in a DPPG (dipalmitoyl-phosphatidylglycerol) lipid bilayer or a mixed DPPG/DPPC (dipalmitoyl-

phosphatidylcholine) (3:7) bilayer at acidic or neutral pH.313 The simulations indicate that lipid 

composition and pH conditions influence the tilt angles and insertion depth of the hIAPP fibrils. 

The pH dependence is due to the protonation of His18. The aromatic side chains of Phe15 and 



  

 
 

Phe23 seem to promote membrane insertion of fibrillar hIAPP which in turn has an influence on 

the bilayer thickness. 

Davidson et al. employed a polarizable force field to investigate the electrostatic 

stabilization of fibrils of tau, Aβ, and IAPP.314 The MD simulations suggested that, irrespective of 

the peptide sequence and fibrillar structure, dipole moments in the side-chains, structured waters 

molecules in the fibril interior, and the surrounding of salt bridges contribute to the stability of 

fibrillar aggregates.  

Li et al. approximated polarization effects by pre-calculating partial charges specific for a 

fibrillar structure of hIAPP using an iterative procedure based on quantum chemistry calculations 

in the gas phase and estimation of solvent effects by the Poisson-Boltzmann equation.315 The MD 

simulations indicated that electrostatic polarization, approximated by the pre-calculated partial 

charges, contributes significantly to the enthalpic gain during self-assembly.  

Tofoleanu et al. analyzed the structural stability of the parallel β-sheet fibril arrangement of 

IAPP from multiple species by MD simulations.316 They also compared a model of a fibril of infinite 

length (using periodic boundary conditions) and a fibril segments solvated uniformly in all 

directions by explicit solvent. The simulation results on human, cat, rat, and pig IAPPs were 

consistent with experimentally measured aggregation propensity. The authors proposed that 

Asn31Lys is a mutation that destabilizes the fibril structure and increases its solvent accessibility.  

Mahmoudinobar et al. used umbrella sampling and REMD to assess the structural stability 

of cross-β aggregates consisting of six identical peptides from the polar segment S28STNVG33 of 

hIAPP.317 A model structure of the parallel aggregate of hexameric hIAPP(28-33) was less stable 

at elevated temperature (up to 375 K) than at physiological temperature. Surprisingly, an 

antiparallel cross-β arrangement of the mainly nonpolar segment 16KLVFFA21 of Aβ was more 

stable in the high temperature range. 



  

 
 

Baweja and Roche used a model that imposes the fibrillar structure as free energy minimum 

(called Go model from Nobuhiro Go, the scientist who originally proposed it) to study the growth 

of hIAPP.318 Their Go-model simulations reveal a dock-and-lock mechanism of elongation which 

is consistent with the stop-and-go behavior of Aβ42 elongation observed by AFM.319 

Lu et al. developed a coarse-grained model of IAPP to analyze the structural stability and 

mechanical properties of different amyloid fibrils.320 In their simplified model, monomeric IAPP 

was approximated by as a patchy particle consisting of three spheres and four patches.  They 

observed that the persistence length of IAPP fibrils increases together with their pitch length which 

indicates that, somewhat counterintuitively, the bending stiffness of the fibrillar structures is larger 

for less twisted fibrils. 

4.1.3. Simulations of aggregation in the presence of self-assembly modulators  

These simulation studies can be classified into three categories based on the chemical structures of 

the modulators, namely, small molecules, peptides, or others, respectively. 

4.1.3.1. Small organic compounds 

The influence of several small-molecule chemotypes on IAPP aggregation has been investigated 

by MD simulations and/or docking.  Most of these small molecules feature multiple aromatic rings, 

e.g., polyphenols. They are natural products, dietary supplements and/or drug analogues, namely, 

tanshinone I and IIA (from the Chinese herb Danzhen also called red sage, Salvia miltiorrhiza),321  

genistein (a major phytoestrogen in soybean),321 heparin fragments,322 naproxen analogues (also 

called pharmaco chaperones),323 the dietary supplements lipoic acid and ascorbic acid (vitamin 

C),324 epigallocatechin gallate which is the most abundant catechin in tea,325 diazenyl-derivatives of 

pyridazinylpyrazolone,326 fullerene C60 and polyhydroxylated derivatives of fullerene,327,328 

azadirachtin (a secondary metabolite isolated from the traditional medicinal plant Neem, 

Azadirachta indica),329 a cationic polymethacrylate-copolymer,330 choline-O-sulfate, dopamine,331 



  

 
 

and lithospermic acid (a polycyclic phenolic carboxylic acids isolated from plants of the genus 

Lithospermum).332 As it is difficult to assess the significance and robustness of the computational 

sampling of these studies we do not discuss them in detail considering also that the models and 

simulation protocols used were not novel.  Some of these computational studies were combined 

with experimental results. 

4.1.3.2. Peptides 

Levine et al. carried out both simulations and experimental study of the influence of humanin, a 24-

residue mitochondrial-derived peptide, on IAPP aggregation.333  REMD simulations of the S14G 

mutant of humanin (abbreviated as HNG14), which is known to be neuro- and cyto-protective, 

revealed that HNG14 is able to cap XXX and thus hinder the elongation of amyloid oligomers.  

Furthermore, HNG14-IAPP heterodimers were about an order of magnitude more stable than IAPP 

heterodimers which together with the capping effect explains the substochiometric ability of 

humanin to hinder amyloid elongation.  Kinetics measurements with ThT and electron microscopy 

showed that HNG14 does not break fibrillar structures of IAPP in agreement with the simulation 

results.333 

Niu et al. investigated the inhibition of Aβ aggregation by derivatives of IAPP whose design 

was inspired by the IAPP/Aβ cross-amyloid interaction surface.334  The authors employed a 

combined experimental and computational approach based on fluorescence spectroscopy, solution-

state and solid-state NMR spectroscopy, transmission electron microscopy (TEM), dynamic light 

scattering, and MD simulations.  The multi-disciplinary study revealed that a peptide derived from 

the two segments of IAPP(8–18) and IAPP(22–28) (linked by an -RRR- tripeptide and with 

methylated backbone nitrogen on the Phe23 and Ala25) is disordered, has transient β-sheet content, 

and can oligomerize into colloid-like assemblies that can interact with Aβ40.334  



  

 
 

Baram et al. have reported pi-pi interactions between Tyr16 in insulin and Phe15 in hIAPP 

by MD simulations of free insulin approaching model structures of hIAPP fibrils.335  These findings 

are relevant in vivo because insulin and hIAPP are both secreted by the pancreas and have been 

observed to form mixed aggregates. 

4.1.3.3. Others: carbon nanotubes, graphene quantum dots and chiral silica nanoribbons 

Mo et al. investigted the influence of hydroxylated single-walled carbon nanotubes (abbreviated 

as SWCNT-OHs) on the dimerization of hIAPP by REMD simulations.336  

 The REMD sampling provided evidence that SWCNT-OHs hinder interpeptide β-sheet formation 

which was consistent with a large body of experimental results, namely turbidity measurements, 

ThT fluorescence kinetics, CD, TEM, and AFM data. 

Two studies, both from the Ke and Ding groups, used DMD to analyze the inhibition of 

IAPP aggregation by graphene quantum dots which is a biocompatible nanomaterial.337,338  In 

another study, the Ke and Ding groups studied the influence of chiral silica nanoribbons on IAPP 

fibrillization by a multi-disciplinary approach consistsing of ThT kinetics measurements, TEM, cell 

viability assays, zebrafish developmental and behavioral assays, and coarse-grained DMD.339  The 

DMD simulations were carried out with an 11-bead model that was inspired by a previously 

developed 10-bead model with two main states, an amyloid-prone structure and an amyloid-

protected conformation.340,341  The multi-disciplinary study consistently revealed that the right-

handed silica nanoribbons shortened the nucleation and elongation phases of IAPP.  Furthermore, 

the accelerated kinetics of self-assembly resulted in a reduced toxicity in the cell viability assays 

and in vivo experiments with zebrafish embryos.339  It is interesting to note that the previous study 

with the coarse-grained 10-bead model had revealed already 15 years ago that fast kinetics of self-

assembly are essential for functional amyloids.340  These cross-β fibrillar aggregates have a 



  

 
 

physiological role and their lack of toxicity is due to a tight control of their location and fast self-

assembly. 

4.2. Experimental characterization of small oligomeric species 

Since the toxic oligomer hypothesis was suggested185,342–344, intense investigation has been focused 

on characterizing these transient species. Toxic oligomer hypothesis suggests that oligomers rather 

than fully matured fibrils damage the cell membrane. The fragment of sequence 20SNNFGAILSS29 

has been shown to be responsible for the amyloidogenic propensities of the full length protein, by 

forming in a first stage trimer antiparallel β-sheet345 and in a second stage evolves in fibril as 

reporter167. To better understand the complex process of amyloid aggregation and oligomer 

formation induced membrane damage, in vitro biophysical studies used lipid membrane to probe 

the role of aggregation on the lipid bilayer structure and also on the catalytic role of the lipid 

membrane towards amyloid aggregation. Based on the experimental results, a broad two-step 

mechanism has been proposed. In step-1, an initial fiber-independent step in which the generation 

of stable transmembrane protein pores (poration). In step-2, membrane-assisted amyloid 

aggregation results in the removal of lipid components from the bilayer via a detergent-like 

mechanism173. In the fiber-dependent step-2, peptides initially associate with the lipid membrane 

like a carpet mechanism, a process that has been well studied for antimicrobial peptides, followed 

by amyloid aggregation. Whether these two steps are mutually exclusive or if (and how) they 

cooperate in triggering membrane damage remains to be established.  

The molecular events underlying the fiber-dependent process are well investigated by solid-

state NMR studies that detected the fragmentation of lipid bilayer and the presence of lipids in the 

fibril346,347. On the other hand, the step-1 is a challenge to most biophysical techniques as the lag-

time for amyloid aggregation by hIAPP is quite fast (with in 2 hours). Nevertheless, helical 

intermediates are reported based on NMR and other biophysical studies348–350. Another study 

investigated ‘micelles-like’ oligomer formation by hIAPP but not by rIAPP and IAPP-1-19351. A 



  

 
 

recent study introduced hypothesis that free lipids in aqueous phase form a stable lipid-hIAPP 

complex and then transfer into lipid bilayer.302 In this framework oligomer formation plays a central 

role. Due to the transient nature of oligomeric species few experimental techniques are available 

and simulations continue to play an important role. Since oligomers are formed in the aqueous 

phase at a low concentration and are in non-equilibrium conditions, the ideal technique to 

investigate transient oligomeric species should be sensitive, fast to acquire data, probe-free and 

yield atomic-level structural details. NMR techniques can be cleverly utilized to probe the early 

events of IAPP aggregation.352 To investigate oligomeric species at nM concentration, surface 

enhanced Raman spectroscopy (SERS) using silver nano-particles has been used to probe the 

secondary structures of IAPP, Aβ and their mixture77. Pulsed field gradient NMR experiments 

provided evidence for the formation of toxic monomeric compact α-helix conformation of hIAPP, 

which was not found for the non-toxic and non-amyloidogenic rIAPP. Also, a large oligomeric 

species greater than 100 nm in diameter has been observed but it does not trigger the nucleation-

dependent aggregation, indicating the large oligomeric species is likely to be an off-pathway 

intermediate.67 A mixture (1:1 molar ratio) of hIAPP and Aβ40 has been shown to form oligomeric 

aggregate having a diameter of about 500 nm.77 This study also tested two polyphenolic 

compounds, resveratrol and curcumin,353 to stabilize off-pathway oligomers in order to inhibit 

hIAPP toxicity.354,355 Moreover, using 2D-IR on solution containing 13C18O FGAIL labeled hIAPP 

and unlabeled hIAPP the evolution from monomer to fibril was investigated.356 By fitting the 

obtained data to a 3-state kinetic model, it was found that an activation free energy barrier of about  

3 kJ mole-1 necessary for refolding the oligomeric intermediate into the structure of the amyloid 

fibril (oligomer activation). The barrier creates a transition state in the free energy landscape that 

slows the fibril formation and creates a stable population of oligomers during the lag-phase.356 The 

role of lipoproteins interacting with hIAPP has also been explored. It is known that the blood of 

diabetic patients contains low concentrations of high-density lipoproteins (HDLs) and high 

concentrations of very low-density lipoproteins (VLDLs), low-density lipoproteins (LDLs) and 



  

 
 

triglycerides (TGs). LDLs are spherical and non-fluorescent, whereas in the presence of hIAPP they 

were found to become intrinsically fluorescent characteristic of its interaction with hIAPP. This 

might indicate that β-sheets are already preformed in these oligomeric structures. hIAPP solubilized 

in plasma and LDL yielded high molecular weight oligomer complexes with an apparent molecular 

weight in the range of about 15 kDa to ≥100 kDa, and that in presence of glucose induced hIAPP 

oligomers which yielded an increased hemolytic activity as well as cellular toxicity.357 This finding 

suggests a link between diabetes and cardiovascular diseases. Molecular dynamics simulations 

agree with experimental evidences mentioned above; small oligomers are highly toxic to cell.358 

Also membrane-bound small aggregates/oligomers are likely to be higly toxic as they can form ion-

channel pores containing 4 o 5 molecules359,360 with consequent loss of ions homeostasis. Thus, the 

property of small oligomers is a common characteristic of many amyloid proteins such as hIAPP, 

Aβ and α-synulein.361 Recently it was suggested the toxic species are the smallest oligomers 

(monomer and dimer), since their concentration in solution strongly decrease with the dimension 

going from nM of monomer to 0.001 pM of trimer.362 Further studies investigating the formation, 

stability, toxicity, and high-resolution structures of a variety of small oligomers of hIAPP and its 

variants would be valuable to better understand the loss of islet cells in type-2 diabetes and could 

potentially aid in the development of compounds to suppress the toxicity.  

4.3. Structures of IAPP in lipid membrane 

The interaction of model membranes and IAPP was studied using a variety of phospholipids (pureor 

in mixture) having different acyl chains length and polar head groups. In general, a complete 

understanding of the transfer of an amyloidogenic protein from the aqueous phase to the membrane, 

and the determination of the structure of the various intermediates, is a key requisite to describe the 

cytotoxicity of IDPs. However, the achievement of this objective is very complex due to the 

transient nature of the various aggregates that are formed before the final equilibrium state is 

reached363. For example, it has been observed that hIAPP interacts immediately with supported 

lipid bilayer (SBL), and the transfer from the aqueous phase to the bilayer occurs immediately and 



  

 
 

continues over about eight hours.256,364,365 It was hypothesized from data obtained in different 

laboratories and a variety of experimental techniques, that small IAPP unstructured aggregates 

(oligomers), rather than mature fibril, are cytotoxic366–370 and the toxicity was associated with 

membrane permeabilization371. Membrane permeabilization was linked to the self-assembling of 

hIAPP within hydrocarbon core of the bilayer by forming ion channel-like pores. The insertion of 

IAPP into the lipid bilayer occurs fast as monomeric α-helix and the N-terminal part of hIAPP is 

largely responsible for insertion61,372–377. Multiscale simulations and statistical thermodynamics 

have shown some different dynamics of oligomerization behavior of hIAPP and rIAPP into the 

bilayer. Starting from 36 monomer embedded into the bilayer, aggregation occurs in the first stage 

by way of dimer and trimer, and in the second stage dimer and trimer merge to form a pentamer 

having a pentagonal topology. Fused pentagons can be formed by adding (one-by-one) three 

peptides to a pentagonal assembly; aggregates contain 5, 8,… (3n+2) hIAPP molecules.378 The 

formation of pentamers is favored by the electrostatic distribution along hIAPP in α-helical 

conformation where an amphipathic structure can be see with one side is rich in hydrophobic 

residues and the other side contain hydrophilic residues. This asymmetric charge distribution in the 

protein in α-helix conformation drives the pentamer formation having the topology of an ion-

channel. This finding agrees with AFM measurements previously reported.66,359 The growth of 

pentameric aggregates leads to the formation of transient large non-linear aggregates containing 26 

hIAPP molecules. These aggregates lead to the curvature of the membrane according to AFM 

measurements.377–381 The curvature of the membrane is due to the truncated-cone shape of the 

aggregates. It is interesting to note that a curvature of the membrane was also observed for the 

Aβ40.360 

Molecular dynamics simulations have shown that hIAPP adsorbs on the membrane surface 

without penetrating the bilayer. The failure to observe the insertion of hIAPP into the bilayer core 

is principally due to the high viscosity of the bilayer and, therefore, the enormous simulation time 

required to observe the protein insertion. The current computational power does not allow this type 



  

 
 

of problem to be solved. Therefore, it has been chosen to simulate the transfer of the protein from 

the aqueous phase to the membrane surface. Simulating the adsorption of protein on the membrane 

surface has been reported that electrostatic interaction between hIAPP and negatively charge lipid 

bilayer plays a major role in peptide-lipid interaction.382,383 Lys1 and Arg11 act as anchor on the 

bilayer surface and pH act as a switch for the poly-peptides aggregation:384–386 acidic environment 

represses aggregation as a consequence of His protonation. These results agree with neutron 

scattering measurement, where a preferential interaction between hIAPP and negatively charged 

phospholipid is more favorable instead of zwitterionic lipids.387 Moreover, hIAPP inserts into the 

bilayer containing zwitterionic lipids from C-terminal, whereas in the presence of negatively 

charged phospholipid, the insertion occurs from N-terminal.358 The Cys2-Cys7 disulfide bridge 

does not appreciably influence the interaction between hIAPP and the membrane388, while in the 

adsorption of hIAPP on the membrane surface, disulfide bridge favours the formation of beta sheets 

as opposed to the rat isoform389. 

From the data available in the literature, hIAPP structure on the membrane surface depends 

on the electrostatic property of the phospholipid i.e., zwitterionic phospholipids induce the 

formation of α-helices, while negatively charged phospholipids favor β-sheet structures. While if 

the protein is in the phospholipid bilayer, the most stable conformation is the α-helix, which later 

self-aggregates to form ion-channel like pores.363 Since membranes catalyse the amyloid 

aggregation of IAPP, micelles have been used to solve the high-resolution structures of full-length 

hIAPP and rIAPP and the non-fibril forming 1-19 segments. These helical structures support the 

low-resolution structural models for membrane insertion and membrane disruption by IAPP 

peptides390–392.  

4.3.1. Are the fibril growths on the membrane surface and in solution correlated? 

Biophysical studies have shown that the amyloid aggregation kinetics is significantly altered by the 

lipid membrane. The lipid charge, lipid composition, rafts, and bilayer thickness affect the 



  

 
 

aggregation process. In general, the toxicity of amyloidogenic proteins is associated with membrane 

damage: the amyloid protein from the aqueous phase is transferred into the bilayer then in a first 

step forms small pores (ion channel-like mechanism) during the lag phase and in a second step very 

large pores are formed with a mechanism called “detergent-like” mechanism. The detergent-like 

mechanism involves the growth of fibrils in the bilayer, which acts as a detergent by tearing lipids 

from the bilayer (Figure 5). This model of membrane damage, called the two-step mechanism, has 

been deduced from experimental dye-leakage measurements using fluorescent probes.393 In 

parallel, fluorescent measurements were conducted using ThT, a probe that selectively binds to 

fibrils, thus highlighting the kinetics of amyloid fibril formation. By overlapping these kinetics 

data, it was observed that ion-channel and detergent-like mechanisms occur before the fibril 

formation. From these data, the following questions arise: since ThT assay cannot distinguish 

whether amyloid fibrils grow in the aqueous phase or on the membrane, can we somehow separate 

the two phenomena? Furthermore, are the two processes related? Several strategies have been 

developed to answer these questions.  

A biophysical study showed that the N-terminal1-19 region of hIAPP is responsible for the 

membrane insertion, while the 20-29 region is responsible for the fibril formation.364 The 

interaction between the hIAPP1-19 fragment with negatively charged model membranes containing 

POPG was studied. It is shown that hIAPP1-19 at low concentrations damages the membrane similar 

to that of the full-length hIAPP. At high concentrations, the hIAPP1-19 has a more significant action 

in the membrane destruction rather than the full-length peptide. Also, the hIAPP1-19 fragment, like 

the full-length protein in the aqueous phase, has a random-coil conformation that evolves into α-

helix in the presence of POPG vesicles. It has also been shown that the hIAPP1-19 in the presence 

of POPG bilayer does not form fibrils as opposed to the full-length protein. From these data, it can 

be deduced that membrane destruction and fibril formation are two independent phenomena.364 The 

same conclusion has been reached by other authors, starting from theoretical models prediction of 



  

 
 

amyloidogenic properties from the amino acid sequence of the selected protein,394,395 which focused 

on the regions hIAPP12-18 (LANFLVH) and hIAPP21-27 (NNFGAIL).396 Besides, it has been 

reported that His and Phe do not affect the amyloidogenic and membrane interaction properties.386 

Another indication of no correlation between the growth of fibrils on membrane surface and in the 

aqueous phase was observed in the interaction of hIAPP with model membranes in the presence of 

resveratrol and their derivatives 4′-O-Phosphorylresveratrol (4′-O-PR) and 4′-O-(1,2-di-O-

myristoyl-sn-glycero-3-phosphoryl) resveratrol.397–399 

 

Figure 5. Schematic illustration of a two-step membrane disruption mechanism. In the aqueous 
phase, the oligomers, formed on-pathway and off-pathway, are in chemical equilibrium with the 
monomers existing in α-helix conformation. In the first step hIAPP insert as α-helix within the lipid 
bilayer, then the peptides self-assemble to form a pentameric aggregate having an ion-channel like 
structure which can enable ions to cross the bilayer resulting in an electrolytic imbalance. In the 
second step, monomers from the solution can associate with the lipid bilayer surface which can 
catalyze the self-assembly process to form fibrils; the fibril forming process can remove lipids from 
one of the leaflets of the bilayer and then ripping the other leaflet causing membrane damage like 
a “detergent-like” carpet mechanism. 

 

 



  

 
 

4.3.2. Model membranes for experimental studies 

In 1972 S.J. Singer and G.L. Nicolson400, based on the thermodynamic principles of lipid 

organization in the aqueous phase, proposed the model of biological membranes called fluid 

mosaic, where proteins are embedded in an asymmetric fluid bilayer consisting of phospholipids 

and cholesterol. Since 1972 our knowledge of biological membranes has been enriched with many 

important details, but the basic concepts from the initial model remain valid. From this, it can be 

deduced that cell membranes are very complex systems, and therefore this study contemplates a 

high number of dependent and independent variables such that the in vivo study becomes almost 

impossible. To bypass this difficulty, the bottom-up strategy i.e., to build simple systems with few 

variables, has been applied. Of these model membranes, there are different types, and the choice of 

the model to use depends mainly on what one wants to investigate. In this review, we describe the 

most popular ones for studying the structure and dynamics of the bilayer itself and those used in 

protein-membrane investigations. Historically, the first phospholipidic vesicles have been the 

multi-lamellar vesicles (MLVs). From an experimental point of view, the preparation of MLVs is 

simple. A certain amount of lipid is dissolved in an organic solvent, by evaporation of the solvent 

in a tube a thin film is formed that then by hydration and agitation results in the formation of 

MLVs.401 MLVs are multi-state vesicles having an onion-like structure. They have an average size 

between 1 µm and 5 µm and broad size distribution402. MLVs containing zwitterionic phospholipids 

show polymorphism as temperature changes. At low temperature, lipids exist in the gel phase where 

the hydrocarbon tails of phospholipids have a large order parameter, S and a slow diffusion 

coefficient403 DT (approximately 10-3 µm2s-1). Increasing the temperature leads to a phase transition, 

the ripple phase is formed in which S and DT do not vary appreciably, while the membrane surface 

becomes wavy. If the temperature increases again, a phase transition (called the main transition) is 

observed where the lipid-crystalline phase is formed. The crystalline liquid phase (liquid 

disordered) is characterized by a low S and a fast DT (about 1 µm2s-1); on the other hand, the liquid 



  

 
 

order “raft”, formed in the presence the of cholesterol, coexist with liquid disordered and shows a 

high S and a fast DT (about 1 µm2s-1)404,405. Also, phases transitions show a positive value of 

enthalpy, entropy and volume406. By extrusion of MLVs, large unilamellar vesicles (LUVs) are 

obtained through a polycarbonate membrane with appropriately sized pores. The LUVs are mono 

lamellar and have average dimensions ranging from 100 to 400 nm with a very narrow size 

distribution. The polymorphism, DT, and S are equal to those of the MLVs. Another model 

membrane having spherical shape is the small unilamellar vesicles (SUVs) that are obtained by 

sonication of LUVs, and they have dimensions ranging from 10 to 100 nm407. Some 

physicochemical characteristics of SUVs are identical to those of LUVs, excluding the transition 

temperatures and cooperativity that are lower due to the small radius of curvature defined as 

reported in ref360 that decreases from giant unilamellar vesicles (GUVs) to SUVs. GUVs have 

dimensions higher than 5 µm and are prepared by evaporation408 or electroforming409, and they 

have a curvature radius close to zero. A better membrane mimic of the eukaryotic plasma membrane 

should consider the asymmetric lipid distribution of two leaflets of the bilayer. GUVs, LUVs, and 

SUVs can be assembled having asymmetric bilayer using methyl-β-cyclodextrin-induced lipid 

exchange410,411.  

Since the model membrane is used to explore the molecular mechanism of amyloidogenic 

protein-membrane interaction, the choice of model membrane selection in these investigations is 

crucial. In this framework, some physicochemical properties of the above-mentioned model 

membranes must be considered. The strain due to curvature radii strongly affects stability of SUVs 

over time. To decrease curvature elastic free energy412, SUVs fuse spontaneously to form larger 

unilamellar vesicles413. Supported lipid bilayer is formed just from SUVs. Dye-leakage experiments 

require to load the inner space of the model membrane with dye fluorescent probes, which induce 

osmotic stress. A model membrane having a radius of >100 nm are more resistant to deformation 

by osmotic stress, thus making them more suited to applications involving osmotic pressure 



  

 
 

gradients414. It was reported that membrane curvature properties strongly affect negatively charged 

membrane-IAPP and α-synuclein interaction381. Planar lipid bilayer (PLB) is another useful 

platform to investigate the physicochemical properties of model membranes and their interaction 

with amyloidogenic proteins. Some of the most commonly used PLBs to study amyloid proteins 

are: black lipid membrane (BLM), planar or spherical supported lipid bilayer (SLB), bicelles, and 

nanodiscs. BLM consists of phospholipid bilayer across about 1 mm hole in a solid plate between 

two solution compartments415. The membrane becomes opaque due to destructive interference of 

reflected light from the front and back of the film, hence the name black lipid membrane. The main 

application of BLMs is to study the membrane pore formation by measuring the conductance of 

solution in the two compartments. SLB mimetic membrane is formed by deposition of a drop of 

aqueous solution on a solid surface; usually, SiO2, mica, or SiO2 coated with Au or other transition 

metal. An useful technique to study the interaction of membrane and amyloidogenic proteins is 

quartz crystal microbalance with dissipation, QCM-D416. QCM-D detects the weight deposition on 

the sensor (crystal solid support) by revealing the change in the oscillation frequency of crystal 

using the Sauerbrey relationship417. QCM-D has been used to character the interaction between 

hIAPP and POPC SBL that occurs immediately without any lag phase418. Bicelles are attractive 

membrane mimetics as they can be prepared easily with varying lipid composition and size, and 

have been successfully used in membrane protein structure biology419. Bicelles are typically 

prepared by mixing the desired ratio of short-chain and long-chain phospholipids in organic 

solvents, and then lyophilization to remove the solvents and hydration followed by a series of 

freeze-thaw-vortex cycles. An exciting feature of bicelles is the presence of high curvature region 

and flat lipid bilayer region. Structure and properties of bicelles are influenced by factors including 

concentration and phospholipid composition, the ratio of long-chain phospholipids to short-chain 

phospholipids, metal ions, and processing conditions420. Isotropic bicelles are frequently used for 

studies using solution NMR while large bicelles that align magnetically are used in solid-state NMR 

experiments. Static solid-state NMR experiments probing the interaction of hIAPP with the lipid 



  

 
 

bilayer in magnetically-aligned bicelles evidenced that non-toxic rIAPP prefer the flat region of 

bicelles whereas the toxic hIAPP bind to the high curvature region. This finding is in agreement 

with the pore formation of hIAPP on LUVs by inducing excessive membrane curvature377, as shown 

in other findings using simulations and AFM measurements378. SLB fabrication is typically used as 

the adsorbing and rupture of phospholipid SUVs on the solid support, bicelles represent and useful 

alternative method to this purpose since bicelles avoid the rupture step. AFM and neutron 

reflectometry investigation shown that bicelles aligned parallel to the solid surface of SiO2, whereas 

unoriented phospholipid bilayers were formed on Si if it is covered with the amine group. Thus, the 

solid surface is covered strongly by phospholipid depending on the chemistry of the surface421. 

Nanodiscs are disk-shaped nanoparticles containing phospholipid bilayer surrounded by 

amphipathic belt protein/polypeptides422 or synthetic amphiphilic polymers423–425. Molecular 

details of the nanodiscs formation were obtained by using coarse-grained molecular dynamics 

revealing large membrane defects, including small, water-filled pores. Polymers bind to the lipid 

bilayer interface, driven by the hydrophobic effect426. Particularly, polymers have the significant 

advantage of being able to extract membrane proteins from their native environment423. The macro-

nanodiscs (diameter > 20 nm) that magnetically-align can be used for the measurement of dipolar 

couplings using high-resolution NMR are an effective, alignment medium to obtain structural 

information on a wide of biomolecules such as natural products, proteins, and nucleic acids. 

Besides, it was shown that the degree of alignment could be scaled, by changing the lipid-nanodiscs 

concentration or temperature427. Other model membranes used in solid-state NMR studies include 

mechanically-aligned bilayers, which are prepared on glass-plates or by trapping the lipid bilayer 

in the aluminium oxide nanopores. They are used in solid-state NMR experiments to reveal the 

membrane fragmentation induced by hIAPP and suppression by the addition of congored.346,347 

 

 



  

 
 

4.3.3. Lipid assisted transfer of hIAPP from solution to the membrane 

Studies have reported the toxicity of amyloid aggregation related to the pathology of amyloid 

diseases such as T2D and Alzheimer’s disease. While mapping the molecular events that define the 

toxicity would be valuable in better understanding the pathology of the amyloid diseases and also 

for the development of compounds to potentially treat the diseases, the process is way too complex 

to be investigated by biophysical and biochemical approaches. Nevertheless, several biophysical 

studies have reported the molecular events driving the aggregation in solution and in the membrane-

water interface352,428,429. In this section, we focus on the important steps underlying the membrane 

interaction of soluble amyloid species.  

Amyloidogenic IDPs are toxic to cells which are associated with pore formation on the 

membrane, and many studies reported the molecular details underlying the mechanisms of toxicity. 

Available data suggest that protein transfers from the aqueous phase directly to the surface of the 

membrane, which influences its structure and enables the premeation into the bilayer. There is no 

information available on the transfer process from the surface to the core of the bilayer. The lack 

of this last step has been taken into consideration recently. The most popular model membrane is 

vesicles suspension in water. These systems are heterogeneous where phospholipid assembled into 

bilayer are in chemical equilibrium with free lipids in the aqueous phase. The concentration of 

lipids in the solution is named the critical micellar concentration (CMC), and its value is linked to 

the number of acyl chains carbon atoms and polar head of the lipid430,431. CMC of a lipid that is 

commonly used in IDPs-membrane interaction ranges from µM to nM, whereas protein 

concentration has the order of magnitude of µM, thus the interaction between free lipid and protein 

should be considered. In this framework, a thermodynamic non-equilibrium model of the diffusion-

reaction to investigate a concerted mechanism coupling lipid and protein fluxes was developed. The 

main issue is that several phenomena occur with different rates such as: the formation of lipid-

protein complexes in water, reassembling to form complexes with lipids or other membrane 

components in solution, migration and merging of the complexes with the lipid membrane, and 



  

 
 

desorption of lipid monomers from the bilayer to replace those bound to translocating proteins. A 

vital point of this intricate multi-scale behaviour is the formation of the lipid-protein complex. 

Molecular dynamics simulation of hIAPP and DMPC was performed, since the time scale of the 

lipid-complex formation is very short. Theoretical development is based on two main assumptions: 

lipid-protein formation is the fast step, whereas lipid escape from the bilayer and penetration of the 

lipid-protein complex within the bilayer core is the slow step. The main conclusions are that 

amyloidogenic proteins insert into hydrocarbon core of the bilayer if the complex lipid-protein is 

formed i.e., lipids having low CMC do not favor complex formation whereas lipids having high 

CMC act as chaperone enabling protein insertion into the bilayer. The theoretical model was tested 

by dye-leakage experiments on hIAPP or Aβ40 interacting with phospholipid model membranes 

having different CMC432. To validate the concept of lipid-assisted protein transport, a systematic 

study on hIAPP interacting with LUVs containing di-acyl-phosphatidylcholine having different 

CMC was carried out. In particular, umbrella sampling molecular dynamics simulation, dye 

leakage, and ThT assay were performed to investigate the membrane damage and fibril formation 

vs. CMC. The results are in good agreement with the outcome using a theoretical model. Extensive 

molecular dynamics simulation confirms that the lipid-complex is formed, and 1:1 stoichiometry 

was the most favoured and protein assume an α-helix secondary structure433. Moreover, results from 

ThT assay and dye-leakage experiments concluded that lipids having low CMC favor the fibril 

formation and repress ion-channel like pores, whereas lipids having high CMC induce ion-channel 

like pores and repress the fibril formation. It is concluded that free lipids in dynamic equilibrium 

with the lipid bilayer might play an essential role in modulating the interaction between 

amyloidogenic proteins and membrane, according to the theoretical model discussed above and the 

lipid-protein transport inside the bilayer is independent of the bilayer thickness.302 Previously, this 

finding reported for hIAPP was also observed for Aβ434 in which the role of free DLPC lipids (with 

a CMC of ~100 nM) in equilibrium with LUVs has been demonstrated to have significant effect on 

the amyloid aggregation of Aβ. There are also other studies that supported the idea of the important 



  

 
 

role played by the free lipids on the fibril formation and membrane damage (Figure 6).225,435,436 Of 

course, additional investigations are needed to validate this mechanism such as its extension to 

other IDPs437, since a recent study has shown that IDPs in the oligomeric state share a common 

structures which are independent of its amino acid sequence, and depend on a balance of 

intramolecular energy vs. intermolecular energy438. Besides, the role of cholesterol, pH, metal ions, 

the fluidity of bilayer, and the investigation of mixed phospholipids should also shed light on their 

influence on the CMC of the complex membrane. Extending these in vitro biophysical observations 

using simple lipid membrane system to in vivo conditions is not easy as numerous factors associated 

with the crowded molecular environment complicate the problem.  

 

Figure 6. Schematic illustration of lipid-assisted bilayer penetration. Chemical equilibrium 
between dispersed lipid monomers (or free lipids) in solution and their supramolecular assemblies 
(LUVs) is always established and is characterized by the Critical Micellar Concentration (CMC). 
For lipid molecules having short hydrocarbon tails or charged head-groups, the concentration of 
free lipids in equilibrium with LUVs may reach values up to the µM range, while the CMC of long-
tails containing lipids the CMC value drops to few nM. In the aqueous phase, three simultaneous 
and competing equilibria should be taken into account: lipid-lipid, protein-protein and lipid-protein 
with the monomeric species. Lipids having a high CMC value favour the formation of a lipid-
protein complex. The lipid-protein complex transfers into the lipid bilayer spontaneously due to the 
low chemical potential of the lipid bilayer when compared to that of the aqueous phase. Thus, lipids 
with a high CMC value would favour ion-channel like pores formation whereas lipids having a low 
CMC value would favour a detergent-like mechanism and fibril formation. 



  

 
 

5. CLEARANCE OF MISFOLDED hIAPP 

5.1. Pathophysiological degradation of hIAPP by proteases. 

Aggregation of hIAPP into amyloid fibrils is toxic to β-cells.174,439–442 Therefore, a comprehensive 

understanding of the mechanisms by which hIAPP self-assembly is reduced or inhibited may be 

highly beneficial for the prevention of β-cell loss in T2D. These mechanisms include the inhibition 

of hIAPP amyloid aggregation, the reduction of hIAPP production, and the degradation of hIAPP. 

Several enzymes are known to play a role in hIAPP clearance.442,443 Two zinc dependent matrix 

metalloproteinases, MMP-2 and MMP-9 have been reported to degrade the Aβ peptide thus 

reducing its amyloidogenic potential.444,445 However, these two enzymes are also expressed in islet 

β-cells446 and are located in the extracellular space where hIAPP amyloids accumulate.447 Notably, 

albeit MMP-2 is expressed in islet β-cells at lower levels than MMP-9, the two enzymes have been 

reported to cleave hIAPP at the same sites, since as the digestion products from MMP-2 cleavage 

of hIAPP matched those from MMP-9 peptide hydrolysis.448 In particular, mass spectrometry (ESI-

MS) assessment of molecular weights of the fragmented peptides allowed determining the putative 

cleavage sites to be located between the A25 and I26 of hIAPP (Fig. 7). It is known that MMP-2 

and MMP-9 preferentially hydrolyze peptides immediately before Ser, Gly or Ala residues and after 

hydrophobic residues as Leu or Ile.449,450  Therefore, MMP-2 and MMP-9 putative cleavage sites 

of hIAPP are consistent with their preferential target residues for all peptide substrates. Intriguingly, 

this cleavage site falls within the hIAPP region (NFGAIL) which is known to play a key role in 

amyloid growth.123 Furthermore, the fragmented hydrolysis products i.e. hIAPP(1-25) amd 

hIAPP(26-37) do not have any propensity to aggregate into amyloid fibrils.451,452 It is thus likely 

that peptide fragments released after hIAPP cleavage being unable to form amyloid thus explaining 

why the action of MMP-2 and MMP-9 may limit hIAPP amyloid growth and toxicity. However, 

hIAPP is not a substrate for all MMP. MMP-7, for example, cannot hydrolyze hIAPP.448  More 

interestingly, it was also reported that the non amyloidogenic mouse IAPP (mIAPP) could not be 



  

 
 

hydrolyzed by MMP-2 and MMP-9 suggesting that the amino acidic sequence is critical for the 

activity of both proteolytic enzymes. Actually, the residues at position 25 and 26 in hIAPP (Ala 

and Ile, respectively) are different from those present in mIAPP in the same positions (Pro and Val) 

and do not match with the preferred cleavage sites of MMP-2 and MMP-9.449  

 Besides MMP-2 and MMP-9, other amyloid-degrading proteases are present in pancreatic 

islets and may counteract hIAPP amyloid aggregation.453 Neprilysin (NEP) is a 100 kDa zinc 

metalloprotease characterized by a hydrophobic trasmembrane domain, a short cytoplasmic N-

terminus and an active site located in a large extracellular domain. NEP may degrade a wide range 

of substrates depending on its tissue localization. As an example it has been reported that in 

neuronal tissues NEP may hydrolyze the amyloid Aβ peptide, the main component of amyloid 

plaques found in the AD brain.454 A decrease of NEP levels has been shown to increase hIAPP 

amyloid formation in vivo. Moreover, NEP may inhibit hIAPP amyloid aggregation in vitro.442 In 

addition to its anti-aggregating effect, some reports have demonstrated that NEP may degrade 

hIAPP albeit 30 times slower that Aβ.443 HIAPP cleavage sites were identified by incubating the 

peptide with NEP for 60 min at 37 °C. Next, the digested fragments were separated by HPLC and 

analyzed by mass spectrometry. Consistently with the known substrate specificity of NEP which 

mainly degrades non polar residues, cleavage of hIAPP was observed at the following sites: Arg11- 

Leu12, Leu12-Ala13, Asn14-Phe15, Phe15-Leu16 and Ala25-Ile26 (Fig. 7).  

 Beta-site APP-cleaving enzyme 2 (BACE2) is a membrane-bound aspartyl protease able to 

hydrolyze the amyloid protein precursor (APP).455 Besides its well established role in APP 

processing, BACE2 has been also shown to cleave Aβ peptide at positions Phe19 and Phe20.456 

Notably, BACE2 may be also relevant to T2D since as it expressed in pancreas at higher levels than 

the brain.457 There is evidence that hIAPP is a substrate for BACE2 and that, consequently to this 

proteolysis, it can modulate hIAPP fibril growth.458  Cleavage sites of hIAPP by BACE2 are located 

at positions Phe-15 and Phe-23. HIAPP is also a substrate for beta-site APP-cleaving enzyme 1 



  

 
 

(BACE1) proteolysis albeit only at position Phe-15.  The BACE1/BACE2 cleavage of hIAPP at 

positions 15 and 23 are consistent with the observed effects of both proteases on hIAPP fibril 

fromation and morphology albeit the additional cleavage site at position 23 by BACE2 was shown 

to interfere with hIAPP fibrillogenesis at a greater extent. The ability of BACE2 to modulate hIAPP 

fibril growth in test tubes suggested that its modulation may represent a convenient therapeutic 

target to treat T2D. Inspired by this observation several in vivo studies were performed using 

transgenic mice carrying the hIAPP transcript (hIAPP-Tg) and BACE2-deficient mice (BACE2-

ko).459 HIAPP-Tg mice exhibited hyperglycemia and lowered insulin levels, but when crossed with 

BACE2-ko mice, animals exhibited improvements in insulin levels and in glucose tolerance. 

Although in apparent contrast with the observed effects of BACE2 on hIAPP degradation, these 

experiments suggest that BACE2 modulation may be potentially considered as a convenient target 

for T2D treatment, albeit further studies are needed to decode all the intertwined factors involved 

in the regulation of these proteases and the pathogenic mechanisms occurring in T2D.  

5.1.1. The Insulin Degrading Enzyme and IAPP.  

The Insulin degrading enzyme (IDE) is a zinc metallopeptidase known to be a member of a class 

of proteases named “inverzicins” characterized by the inverted zinc binding motif HxxEH which 

has also been found in NEP and thermolysin.460 The 3D structure of monomeric IDE (M.W. 114 

kDa) is made up by four structurally similar αβ coil domains encompassing residues 43-285 

(domain I), 286-515 (domain II), 542-768 (domain III) and 796-1016 (domain IV).461 The first two 

domains (IDE-N) are connected by a 28-residues extended loop to the last two domains (IDE-C) 

and enclose the catalytic pocket. In particular, the Zn++ ion, which is responsible for the catalytic 

activity of IDE is placed in domain 1 and is coordinated by H108, H112 and E189 residues. Another 

residue, E111, although not directly coordinated to the Zn++ ion, still actively participates to 

proteolysis by bridging a water molecule that mediates hydrolysis of short peptides.461 For 

degradation of substrates larger than 12-15 residues, however, it is required the assistance of an 



  

 
 

exosite located in domain II and distant about 30 Å from the Zn++ ion which provide additional 

interaction surface with the enzyme.462  

 Within the last two decades, IDE has long been recognized as associated to insulin 

degradation and turnover463 and, as such, to play a key role in the age-related impaired glucose 

metabolism in TD2.464,465  More recently, IDE has been found to degrade other hormones and 

peptides such has IAPP or glucagon, thus suggesting a multifaceted contribution of IDE to glucose 

metabolism.466  Notably, IDE may also degrade the Aβ peptide and its levels are negatively related 

to amyloid load in AD brains, thus suggesting an intriguing association between AD and T2D.467 

Although IDE is expressed in many different tissues and can be thus considered an ubiquitous 

enzyme, its levels in liver and kidneys are maximal thus indicating a specific role in insulin, insulin 

growth factors (IGF) and glucagon metabolism.468  IDE expression is closely associated to insulin 

signalling since as insulin resistance results in lower levels of IDE and, in turn, in impaired insulin 

turnover and T2D progression.469 Abnormal IDE levels and/or activity was observed in IDE-ko Tg 

mice also concomitantly with neurodegeneration.470 Notably, IDE levels result significantly 

lowered in diabetic patients if compared to healthy individuals, thus suggesting that a self-

perpetuating vicious cycle of pathogenic processes occurs in diabetes pathogenesis.471 Albeit most 

of its known substrates are extracellular, IDE is mainly localized into the cytosol.472 In particular, 

Aβ proteolysis by IDE occurs extracellular in the outer leaflet of the plasma membrane where it is 

generated after cleavage of APP by secretases.473 During its enzymatic activity, IDE degrades Aβ 

peptide mainly at positions 13-15 and 18-21, leading to the formation of non-amyloidogenic 

fragments474 thus demonstrating the significant role played by IDE in AD. IDE may also degrade 

hIAPP at position L12-A13 and F15-L16.475 Notably, hIAPP cleavage by IDE is strictly dependent 

on the experimental conditions adopted.461,476 As an example, in a more recent work some 

previously neglected cleavage sites were identified in H18-S19, N23-F24 and, albeit to a lesser 

extent, S28-S29, S29-T30 and S34-N35.475  .  



  

 
 

 

Figure 7. Human-IAPP degradation by proteases. Solid lines represent the cleavage sites targeted 
by the proteases. The yellow highlighted residues 22-27 form the amyloidogenic core of hIAPP.  

 

5.1.2. The role of the ubiquitin proteasome pathway in IAPP turn over 

The ubiquitin proteasome system (UPS) is a major cytosolic proteolytic pathway that targets and 

degrade abnormal/misfolded proteins.477,478 Ubiquitin (Ub) is a small (76 residues) protein, first 

described as a covalent moiety for post-translational processing of intracellular proteins. It is 

characterized by a compact structure in which a parallel/anti-parallel β-sheet assembly groups 

against an α-helix thus creating a hydrophobic core.479 Albeit Ub is principally known as a prologue 

to proteasomal degradation, it regulates a range of diverse biological processes, including protein 

trafficking, gene transcription, autophagy and apoptosis.480 Ub is particularly versatile due to the 

diversity of post-translational modifications that it can form with its susbstrate. The COOH-

terminal glycine of Ub covalently binds the ε-amino group lysines of the substrate by an isopeptide 

bond. However, seven lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, Lys63) are 

present in Ub and this enables the formation of a large variety of polyubiquitin chains and each one 

may encode diverse biochemical pathways. Ub tagging to a protein substrate is the result of a 

complex sequential process which involves three enzymes i.e. E1 (Ub activating enzyme), E2 (Ub 

conjugating enzyme) and E3 (Ub ligase).481 In the first step of the process, Ub forms an ATP-

dependent high-energy thioester link with an E1 enzyme.482 Second, Ub is transferred from the E1-

activating enzyme to the E2 Ub-conjugating enzymes (Ubc), which, by linking to different Ub Lys 
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residues, confers specificity to protein ubiquitination. Ub-tagged protein susbtrates are then 

transferred to the proteasome, a multi subunit, multifunctional 2500 kDa enzyme assembly.483 The 

catalytic chamber of the proteasome is a cylinder-shaped multisubunit protein complex, named the 

20S proteasome or the core particle (CP). Each end of the CP is capped by one (26S) or two (30S) 

regulatory particles RPs (19S). The 19S particle recognizes, de-ubiquitinates, unfolds and transfers 

protein substrates into the catalytic chamber of the 20S particle.484 The 20S proteasome is a 

multimeric enzyme (MW ~ 700 kDa) formed by 28 subunits assembled in four stacked α/β  

heptameric rings where the two outer α-rings (antechamber) rim the two central β-rings (catalytic 

chamber). 485,486 The 20S proteasome exhibits at least three different proteolyitic activities termed 

as chymotrypsin-like (ChT-L), trypsin-like (T-L) and peptidylglutamyl-peptide hydrolyzing 

(PGPH) which occur in β1, β2 and β5 subunits respectively.487  

 At this time, our knowledge of the cellular factors that regulate hIAPP toxicity is still 

incomplete, but several reports suggest that an impaired turnover and clearance of the accumulating 

protein may play a primary role in T2D pathogenesis.488 In particular, an age-related derangement 

of the UPS has been suggested to be linked to the development of the disease.489 Biochemical 

methods coupled with confocal microscopy studies showed that, upon internalization into 

pancreatic islet cells, hIAPP mainly localizes in the nucleus, lysosomes and mithochondria.490  It 

has been also demonstrated that hIAPP may physically interact with proteasome subunits α4 of the 

20S and RPn8 of the 19S in pancreatic islets and that, in response to hIAPP treatment, proteasome 

activity results inhibited. Notably, further biochemical assays evidenced that Lactacystin, a 

proteasome inhibitor, induced a significant intracellular accumulation of hIAPP, thus pointing to 

the proteasome as a crucial hub for hIAPP clearance in pancreatic islets. In the same work, and in 

accordance with previous studies,139 experiments performed on Rat insulinoma (RIN-m5F) β-cells, 

evidenced 20S proteasome inhibition in response to either amyloidogenic hIAPP or non-

amyloidogenic mIAPP treatment thus suggesting that amyloid aggregation is not required for IAPP-



  

 
 

mediated proteasome inhibition. Other experiments carried out at low temperatures and in the 

absence of Ub and ATP suggested that neither the ubiquitinated nor the aggregated form of hIAPP 

interact with the 20S proteasome. These findings reconcile with many reports suggesting that 

intrinsically disordered proteins (IDPs) interact with the 20S proteasome without the assistance of 

the recognitions step regulated by the 19S.491 However, a concomitant ATP-dependent degradation 

of ubiquitinated hIAPP cannot be totally ruled out. In fact, ubiquitinated intracellular forms of 

hIAPP have been observed492 as well as the existence of hIAPP/19S complexes thus suggesting that 

Ub-dependent proteasomal degradation may still play a role in hIAPP clearance. Although the role 

played by the 20S proteasome in the proteolysis of internalized hIAPP is firmly established, its 

contribution to endogenous hIAPP synthesis, secretion and trafficking is still incomplete. 

Hyperglycemia has been associated with an impaired proteasome activity and an abnormal 

biosynthesis of both insulin and hIAPP.493 In particular, intracellular levels of hIAPP decreases in 

T2D human islets when compared to age-matched healthy controls.494 Furthermore, Western Blot 

analysis performed in the same cells, showed that polyubiquitinated substrates were significantly 

increased when compared to healthy cells, thus confirming an impaired UPS efficiency. 

Consistently with this result, a 3-fold decrease of proteasome peptidase activity was observed in 

islets from a diabetic donor, and this decline was equivalent with that measured in the presence of 

lactacystin, a known 20S proteasome inhibitor. Even more significantly, the gene expression 

analysis of islets from diabetic donors evidenced a decrease in the levels of FOXA2, a key hIAPP 

transcription factor, thus confirming a causal relationship between proteasome activity and hIAPP 

transcription.494 In accordance with this double-edged view of the role of proteasome in hIAPP 

regulation, it has been evidenced that a modest proteasome inhibition (35%) resulted in an increase 

of hIAPP levels in islet cells thus indicating a direct role of proteasome in hIAPP degradation.494  

 

 



  

 
 

5.2. Role of metal ions in IAPP degradation  

The toxic effects of hIAPP aggregates toward islet β-cells are widely demonstrated, and intense 

efforts have been devoted to determine what factors may influence this proteotoxic event. 

Accordingly, metal ions and lipid membranes have been identified as key effective modulators of 

hIAPP aggregation and their effects on its conformational, aggregation and biological properties 

are subject of intense debate (see Sections 3.5, 4.3, 4.3.3 of this review). On the other hand, IAPP 

proteostasis is strictly controlled by a number of efficient sentinels, including metalloproteases, 

proteasome and lysosomes/autophagy that both directly hydrolyse the polypeptide or, as an 

alternative, regulate its biosynthesis acting on their transcription factors. However, dysregulation 

of metal ions, besides its effects on amyloid growth, may also have an impact on the proteolytic 

activity of hIAPP degrading proteases. As an example, it has been recently demonstrated that Cu++ 

ions may inhibit IDE activity and that Zn++ may also modify the preferential cleavage sites of 

several substrates.495 Cu++ and Zn++ ions were found to inhibit IAPP degradation by IDE albeit with 

some specific differences.475 In particular the presence of Cu++ ions abolished hIAPP cleavage by 

IDE at positions N22-F23 and L27-S28 suggesting that a metal-dependent change in the hIAPP 

conformation significantly affects enzyme activity. Indeed, this finding reconciles with the known 

Cu++ coordination site of hIAPP which involve the segment encompassing residues between N22 

and I26.496 Notably a lower inhibitory effect of Cu++ was observed when mIAPP was used as a 

substrate. Besides N22-F23 and L27-S28, Zn(II) ions inhibit IDE activity on F15-L16 and S29-T30 

hIAPP cleavage sites. Zn++ ions are known to induce structural changes in hIAPP residues H18, 

and this may explain the observed effects on the F15-L16 cleavage site.497 However, besides the 

metal-induced conformational changes on protease substrates, there are other ways by which metal 

ions may have an effect on IDE peptidase activity. For example, metal ions may bind directly to 

IDE and thus influence the activity of the enzyme. This effect may be due either to the coordination 

of exogenous ion to the active site or replacement of the catalytic metal ion.498 Moreover, it cannot 



  

 
 

be ruled out that abnormal levels of metal ions may also regulate localization and expression of 

IDE in the cell. Of course, these different metal-related alterations of hIAPP degradation by IDE 

may be closely interconnected but thorough descriptions of their mechanisms remain elusive. In an 

attempt to describe the effects of metal ion on the peptidase activity of IDE some authors have 

investigated the cleavage of a synthetic peptide (B20-30) unable to bind metal ions.499 According 

to that report, IDE activity is irreversibly compromised on Cu++ binding. On the contrary, IDE is 

still able to process substrates when incubated with excess Cu++ ions, although with a lower 

degradation rate.  

 Besides IDE, other Zn++-dependent endopeptidase like NEP previously described as hIAPP-

degrading enzymes have been shown to be inhibited by excess Cu++ ions.500 Indeed, Zn++ ions 

present in metallopeptidases are known to significantly contribute to enzyme folding and stability. 

Moreover, the distorted tetrahedral geometry adopted by Zinc centres in metalloprotease enhances 

the Lewis acidity of the catalytic site and of the coordinated water molecules as well which are both 

essential for the peptidase activity. Therefore, if a metal ion such as Cu++ characterized by a higher 

affinity for the amino acid residues and a different coordination sphere should replace Zn++ in 

metalloprotease catalytic center, the metal protein site would result perturbed,501 as reported for the 

many Zinc-proteases as thermolysin,502 endopeptidase from Lactococcus lactis503 carboxypeptidase 

A504, or aminopeptidase B505 which are all inactivated upon Zn(II) replacement by Cu++. In some 

cases, it has been shown that Cu++ ions may significantly inhibit hydrolytic activity of some specific 

Zinc proteases (e.g NEP) toward Aβ peptides, but their effects on hIAPP degradation are unknown. 

Dyshomeostasis of metal ions, including Cu++ and Zn++, may also impact UPS function. It has been 

reported that Cu++ ions may bind to Ub and promote its aggregation. Conversely, other cations as 

Ni++, Al3+ and Cd++ do not alter Ub stability suggesting a specific effect of Cu++ ions.506,507 

Furthermore, both Cu++ ions and Zn++ ions, over a 40-70 M concentration range, inhibit Lys63 

and Lys48-linked polyubiquitination reaction.508 Besides these effects on the upstream events of 



  

 
 

UPS, Cu++ ions have been shown to significantly impair proteasome activity. Enzyme assays 

conducted on isolated 20S have shown that Cu(II) ions inhibit (IC50 ~ 1 M) the three different 

ChT-L, C-L, and T-L peptidase activities of the core particle implicitly suggesting that the 

inactivation mechanism could be ascribed to altered gating dynamics.509 All these findings do 

suggest that metal dyshomeostasis may, on one hand, affect hIAPP conformation and aggregation 

propensity and, on the other hand, significantly interfere with the protease-mediated digestion of 

excess hIAPP. However, the effects of metal ions on hIAPP degradation by proteasome and/other 

proteases are poorly investigated.  

5.3. Removal of IAPP by autophagy  

Autophagy is multicomponent regulating cell systems that digest large cytosolic components, such 

as organelles or proteins, by transporting them to the proteolytic assemblies termed lysosomes. To 

date, three different categories of autophagy have been described i.e. i) macroautophagy 

(henceforth termed as autophagy), ii) microautophagy, a bulk lysosomal hydrolytic process initiated 

by the lysosomal membrane wich incorporates portions of the cytosol for degradation and 

removal510; and iii) the chaperone mediated autophagy (CMA), in which the chaperone protein Heat 

shock cognate 70 (hsc70) recognizes and binds the cytosolic substrates onto the lysosomal 

membrane, thus supporting the release of the chaperone-substrate complex into the lysosome511. It 

has been reported that hIAPP, besides proteasome, is degraded via autophagic processes. In 

particular, β-cells loss was observed in hIAPP expressing mice with defective autophagy thus 

suggesting an active role of this process in counteracting islets damage.492 It is therefore reasonable 

that internalized hIAPP may be, in part, degraded also by lysosome. However, recent studies have 

shown that lysosomal inhibition is not directly related to significant hIAPP accumulation490 in 

contrast with other reports suggesting a key role in autophagy-related mithochondrial dysfunction 

in hIAPP toxicity.512 However, it should be taken into account that different hIAPP trafficking and 

localization observed in different cell lines, may account for these apparent discrepancies. In 



  

 
 

particular, in vitro experiments have demonstrated higher exogenous hIAPP β-cells toxicity in the 

presence of autophagy inhibitors.492,513 Whereas autophagy impairment may be correlated with 

hIAPP aggregation and islet cell damage, on the other hand, hIAPP aggregation into toxic oligomers 

also inhibit autophagy, as shown by the concomitant increase of P62, a known autophagy substrate. 

HIAPP accumulation is also associated to abnormal mitochondrial function and autophagic 

digestion (mitophagy),514 thus suggesting a vicious cycle in which hIAPP accumulation resulting 

from a decreased autophagy may further inhibit autophagic processes. Autophagy and UPS are the 

two major degradative systems in cell catabolism and their carefully orcherstrated cross-talk is 

generally considered a key factor in protein homeostasis maintenance.515 It has also been observed 

that a derangement of the UPS is always counterbalanced by an increase in the efficiency of the 

autophagic clearance processes and that this compensatory mechanism is fundamental to ensure the 

remove the excessive load of proteotoxic aggregates.516 However, recent studies have suggested 

that the regulation of hIAPP level by UPS is independent from autophagy.494  

6. ANTIAGGREGANTS of hIAPP 

6.1 Inhibitors of hIAPP amyloid growth 

Peptide concentration is not the only, but an essential determinant for hIAPP aggregation and 

contrary to increased synthesis, reduced degradation and clearance results in increasing hIAPP 

concentration that is a potential risk factor for aggregation. At a given time point, a single human 

β-cell contains 5-6 thousand IAPP-insulin granules designated for exocytosis via the regulated 

pathway. Secretory granules have a best before date, and if not released, the granules are degraded 

via crinophagy. Crinophagy is selective autophagy that acts as quality control and regulator of the 

β-cell granular homeostasis.517–519 

In vitro, hIAPP is highly amyloidogenic, while in vivo, hIAPP remains in solution for many 

days under normal conditions. This difference suggests the existence of endogenous inhibitors. In 



  

 
 

the mature secretory granule, insulin is packed together with Zn2+ forming the dense core while 

hIAPP and C-peptide localize to the halo region. Being in close association with hIAPP, insulin 

made a putative candidate as an hIAPP inhibitor.  Therefore, insulin was added to hIAPP during 

aggregation and shown to be a concentration-dependent inhibitor of hIAPP aggregation.520–522 

During posttranslational processing, a mixture of prohormones, mature hIAPP and insulin, together 

with the processing intermediates, are expected to be present in the immature secretory granule. 

ProIAPP’s two processing intermediates are N-terminal flanking peptide+IAPP (NIAPP) and 

IAPP+the C-terminal flanking peptide (IAPPC). At pH 7.0, NIAPP and IAPP form amyloid-like 

fibrils to the same extent, and aggregation is as expected prevented by insulin.  At pH 5.2, insulin’s 

activity as an inhibitor is reduced, and at this low pH, N-IAPP is more prone to form amyloid.523 

Therefore, intragranular peptide composition may be relevant, but not only to peptide 

concentration. 

Molecular chaperones such as heat-shock proteins have been evolved to assist folding and 

counteract misfolding of proteins. A different group of molecules that possess chaperone activity 

contains the domain BRICHOS. BRICHOS is about 100-residue long domain found in 10 distantly 

related protein families (>300 different proteins). Integral transmembrane (ITM) is one of these 

families, and ITMB2, also known as Bri2 is recognized for its association with Familial British and 

Danish dementias.524 Bri2 molecule is 266-residue long and contains 4 regions with distinct 

properties where BRICHOS constitutes the third domain of the protein. During synthesis, Bri2 is 

inserted into the ER membrane with the C-terminal part of the protein facing the lumen of ER/golgi. 

Cleaved of the luminal part of Bri2 by Furin and ADAM10 releases the 100-residue long BRICHOS 

domain.525–527  

Bri2 has a role in the generation of Aβ which originates from cleavage of the Amyloid 

precursor protein (APP) by β-secretase followed by γ-secretase cleavage. Gamma secretase is a 

multi-protein complex, and Bri2 regulates the activity of this complex and, thereby, the generation 



  

 
 

of Aβ.528 When BRICHOS was added to monomeric Aβ in solution, it decreases the aggregation 

process of Aβ with increased lag phase.529  

Transgene expression of Aβ driven to the NLVs neuron in Drosophila melanogaster results 

in neuronal death, but this was counteracted by simultaneous expression of BRICHOS.530 Bri2 is 

also expressed in peripheral tissues and to a moderate extent, in the islets of Langerhans. Bri2 

synthesized by β-cells co-localizes with hIAPP in secretory granules and is present in extracellular 

deposits of hIAPP amyloid. BRICHOS also had an inhibitory effect on hIAPP aggregation and 

could prevent hIAPP fibrillation if added to monomeric IAPP and prevent secondary nucleation. 

Down-regulation of Bri2 in β-cells made the cells more sensitive to metabolic stress, but the 

simultaneous up-regulation of BRICHOS expression ameliorated this.531 The BRICHOS domain is 

an endogenous inhibitor of hIAPP aggregation and is therefore interesting and putative drug target. 

One of the interesting directions toward the development of therapeutic means to treat T2D 

is the development of inhibitors that modulate the formation of aberrant hIAPP assemblies. As 

hIAPP appears to exert its toxic effect in specific aggregated forms, the ability to interfere the 

assembly process of hIAPP or to divert assembly into the formation of non-toxic species is highly 

attractive. There are multiple approaches to achieve these goals. These include the use of small 

molecules, peptide fragments, full-length polypeptides, antibodies and chelation agents. Here, we 

provide details on several of the approaches that are currently studied or under development as 

novel therapeutic means. 

6.2. Natural compounds as hIAPP anti-aggregation and anti-oxidant agents 

It is well-established that several natural compounds, most notable polyphenols, can control the 

aggregation of amyloid assemblies. In pioneering work, Ono et al., studied a collection of natural 

polyphenols and determined their effect on amyloidal formation.532 Notable examples of such 

compounds include Epigallocatechin gallate (EGCG)533 that is found in green tea and other plant-



  

 
 

based sources, rosmarinic acid that is found in a variety of plants, and curcumin of turmeric534. 

Intriguingly, these compounds are used as traditional medicine in treatment of T2D. The molecular 

mechanism of inhibition by these compounds is not fully understood. The vast majority of the 

natural inhibitors are aromatic in nature and they may be able to interfere with the formation of 

aromatic interactions known to be import for hIAPP amyloid formation (see above). Another 

intriguing direction is the activity of many of these compound as antioxidants.535 There are three 

important steps in which an successful anti-aggregation compound can interfere: (i) nucleus 

formation which is the thermodynamically unfavourable event in which monomers form a specific 

conformation or assemble into a nucleus of critical size, (ii) fibril elongation, thermodynamically 

favourable event in which (usually) monomers are sequentially added to the pre-formed seed to 

form fibrils of increased size, and (iii) a compound could energetically destabilize a mature fibrils 

and promote its disassembly536. In a detailed analysis, in which the chemical character and the 

antioxidative potential of the compounds were studies, it was found that the hydrophobic and/or 

aromatic nature of the polyphenols inhibits the formation and extension of the amyloid fibril seeds, 

while the antioxidative potency relates mostly to the promotion of destabilization of the fibrillary 

assemblies. Another molecule that is clearly associated with hIAPP is insulin. Insulin is known to 

bind to hIAPP and thus can modulate its self-assembly.521 Therefore the use of insulin or its 

analogues appears as an attractive way to modulate the assembly of hIAPP into toxic architectures. 

It was established that the B-chain of insulin is the active element in this inhibitory activity.537 

Peptide arrays have also been used to map the interacting domains within the B-chain and hIAPP 

that mediate the co-assembly of the two polypeptides, which showed what regions to be 

important?.537 This work served as a basis for the design of small molecules that could alter the 

aggregation propensity of hIAPP. 

 

 



  

 
 

6.3. Peptide inhibitors of IAPP aggregation 

Following the identification of sequence 20-29 as a critical region in hIAPP assembly (see section 

3.3.2 above) attempts have been made to design peptides that could modulate the aggregation of 

hIAPP into amyloid. There were several approaches including β-sheet breaker and hydrogen-bonds 

modulators. One of the straightforward directions is the modulation of recognition modules with 

elements that do not allow further growth of the amyloid fibrils. The main concept of peptide 

inhibition is based on two main properties of the active biomolecules. The first is the ability to 

recognize and bind to amyloid-forming modules at high affinity. As the on-rate kinetics of the 

binding (kon) is mostly diffusion-limited, a strong binding affinity and thus low thermodynamic 

dissociation constant (Kd) is translated to slower off-rate kinetics of binding (koff). A high affinity 

maybe obtained by a combination of several non-covalent interactions between the ligand and 

hIAPP, such as hydrogen boding, aromatic interactions, or electrostatic interactions. The second 

key element for the inhibitory molecules is their ability to affect further growth of amyloid bysteric 

hindrance, electrostatic repulsion and/or competition with H-bonding donors and acceptors or 

aromatic moieties that are involved in the interactions between the amyloid-forming proteins and 

polypeptides.  

The identification of recognition modules was achieved by either minimalistic approach to 

indemnity the shortest sequence element that can form fibrils or by systematic screening of the 

entire peptide sequence. In a pioneering work, Kapurniotu and co-workers identified the NFGAIL 

hexpeptide as the smallest element of IAPP that can form canonical amyloid assemblies.158 A follow 

up work had determined the key role of the aromatic phenylalanine in this recognition event. Later 

studies using peptide arrays, in which labelled-IAPP was incubated with a series of partially 

overlapping fragments of IAPP mobilized to a solid support, it was confirmed that this region is 

important for the interaction as well as an additional aromatic module within the peptide 

sequence.161 These peptide motif served as recognition template for the design of further inhibitors 



  

 
 

by the addition of β-breaker elements, modulators of hydrogen bonding and steric hindrance 

elements.538 Experimental osbservation suggest the critical role played by oligomers. Miranker and 

co-worker206 suggest tetraquinoline as inhibitors. Tetraquinoline is charged dianionic molecule 

soluble in water and crosses biological membranes without cellular assistance. Tetraquinoline 

stabilizes a pre-amyloid, α-helical conformation of IAPP and docks specifically with intracellular 

IAPP.   

6.4. Antibody inhibitors of IAPP aggregation 

Another direction for the control of IAPP aggregation is the development of antibodies that 

specifically recognizes the soluble oligomers that are formed during amyloid assembly.539,540 

Methods that were developed to prepare stable oligomers of Aβ were used to make stable IAPP 

oligomers. It was shown the vaccination of transgenic mice model, which expresses hIAPP and has 

high fasting glucose levels, could be brought back to normal levels by vaccination with these stable 

oligomer preparations. The antibodies could thus be used in either active or passive immunization. 

Antibodies that were purified from the immunized mice were also shown to reduce IAPP 

cytotoxicity towards pancreatic β-cells in a dose-dependent manner. The immunization of 

transgenic mice with the oligomer preparation also resulted in an increase IAPP-antibody serum 

titer, lower blood glucose levels, higher insulin levels, and lower hIAPP accumulation. The study 

thus highlighted the significance of targeting the early amyloid self-assembly events for potential 

disease management and demonstrated that α-helical oligomers conformers are valid epitope for 

the development of future immunization therapy. 

6.5. Metal chelators 

Metal ions are known to play a role in amyloid formation. This is most likely by the intermolecular 

coordination of residues (most notably the imidazole ring of His-18 in hIAPP; see Section 3.3.2 

above) thus allowing energetic barriers in the nucleation step to be reduced, enhacing the rate of 



  

 
 

amyloid assemblies formation.541 Therefore, the use of metal ion chelators appear an attractive 

possibility to delay of the onset of various amyloid-associated disorders500,542,543. Bush and 

colleagues made pioneering contributions in the study of the ability of metal ion chelators to 

interfere with amyloid formation.544 Although these metal chelators were promising potential drugs 

to fight Alzheimer's, they were abandoned due to their side effects. One interesting direction is the 

combination of aggregation inhibitors with metal ion chelators. A recently introduced candidate is 

Gallic acid, a naturally occurring hydroxybenzoic acid found in red fruits, onions and tea that was 

shown to be both an excellent modulator of protein aggregation as well as a metal ion chelator.545  

Also in the case of hIAPP, it was shown that the addition of metal ions, most notably Cu++, increase 

the toxic activity of the polypeptide.546 To rule out the specific role of reactive oxygen sepcies 

(ROS) in the induction of this toxicity (see 3.6), the researchers added Ni++, which is a redox 

inactive but has similar protein binding affinity as compared Cu++. The discovery that Ni++ also 

caused an increase in toxicity suggested that metal ion-mediated aggregation, rather that the 

formation of oxidative species may account for the mechanism of these metal ions, and thus 

supported the use of metal chelation to treat T2D. Other studies have investigated the role of Zn++in 

fibrillization of Aβ547 and IAPP.548 Indeed, the use of Zn++ chelators was shown to inhibit metal 

ion-associated IAPP aggregation and its induction of apoptosis of cultured cells.262,547 

7. RESCUING IAPP PROTEOSTASIS BY SMALL MOLECULES 

7.1. hIAPP proteostasis machinery 

Proteasome malfunction plays a key role in hIAPP toxic aggregation. As an example, treatment of 

Min6 and RIN-m5F cells with proteasome inhibitors as lacatcystin or epoxomicin resulted in an 

accumulation of exogenous hIAPP aggregates. On the contrary, treatment with the proteasome 

activation particle PA28 protected the cells from the toxic effects of hIAPP.139 Based on this 

evidence, it is assumed that stimulation of proteasome activity by small molecules may represent a 

promising strategy for the treatment of T2D. However, the question arises pf whether hIAPP may 



  

 
 

be digested by the 20S proteasome or by the mature 26S proteasome after its ubiquitination. 

Evidences of colocalization of hIAPP and ubquitin in human islet cells suggest that ubquitin-

dependent hIAPP degradation may indeed be possible , although in vitro studies have also clearly 

demonstrated that hIAPP may be degraded by the 20S proteasome without the assistance of 

ubiquitin.490,492 This evidence reconciles with the notion that the 26S proteasome degrades mainly 

globular proteins with the assistance of the 19S particles which bind, deubiquitynate, unfold and 

transfer the substrate into the proteasome core catalytic sites549, whereas unstructured proteins are 

most likely digested by the 20S proteasome via an ubquitin-independent process.550 Moreover, the 

20S/26S molar ratio is 3:1 in healthy cells,491 but aging and pathogenic conditions which are known 

to prompt accumulation of oxidized/misfolded proteins, favour disassembly of the capped 

proteasome and a subsequent increase of the 20S form.551 Based on all these considerations, the 

20S proteasome may be considered a major target for therapies focusing on restoring UPS function 

in T2D.   

 In principle, small molecules may activate the 20S proteasome by two different 

mechanisms: i) the induction of gate opening which facilitates substrate entrance into the catalytic 

chamber or ii) the stimulation of substrate binding to the catalytic sites through allosteric 

interactions. However, proteasome activity may be altered by small molecules by indirect 

mechanisms. As an example, it is known that 20S proteasome activity is sensitive to oxidative 

stress.552 Therefore, small molecule antioxidants may activate the proteasome by counteracting the 

inactivating effects due to unbalanced oxidation. In general, UPS activity may also be enhanced by 

increasing the level of free ubiquitin,553 or overexpressing ubquitin ligases.554 Currently, an 

increasingly large subset of UPS-enhancing small molecule compounds have been reported as 

promising candidates to treat protein misfolding diseases including T2D. However, for most of 

them the mechanism of action is complex and not completely understood.555  



  

 
 

 If UPS or autophagy impairment may cause hIAPP accumulation and β-cells loss, UPS or 

autophagy enhancers could provide a novel route to search for new drugs to prevent or treat T2D. 

However, it may be difficult to single out the effect of a given drug candidate on the two degradative 

systems. In fact, we know that the two pathways target different substrates since UPS degrades 

short-lived globular proteins or soluble misfolded proteins, whereas auotphagy removes insoluble 

protein aggregates, or whole organelles. Nonetheless, in addition to an indirect relationship between 

the two systems provided by ubiquitin (both UPS and autophagy recognize their targets by specific 

ubiquitin tags), there is a plenty of significant connections and reciprocal compensatory 

mechanisms between the two systems.556,557  

 Within this complex scenario, it could be convenient to propose a mulitarget strategy aimed 

at selecting/designing molecules able to interfere synergistically with the diverse pathways 

involved in abnormal hIAPP accumulation. To achieve this goal and overcome current limitations 

of drug discovery strategies focusing solely to the design of molecules targeting pathogenic hIAPP 

self assembly, it is important to select those molecular entities able to rescue the entire hIAPP 

proteostasis machinery which is impaired in T2D.  

 Here, we have selected some small molecules that are known to be involved in different 

hIAPP proteostasis pathways and may thus considered prototypal for future investigations in this 

direction (Figure 8). 

7.2. Metformin  

Metformin is a small molecule widely used as a first-line treatment for T2D since the late 1950s.558 

Albeit metformin is known to regulate glucose metabolism by suppressing hepatic glucose 

productions and increasing the rate of glucose utilization our knowledge of its roles in regulating 

insulin sensitivity, glucose homeostasis, and promoting β-cell survival is far from complete. As an 

example, metformin reduced islet amyloid accumulation in the pancreas of mice expressing 



  

 
 

hIAPP.559 However, in vitro studies have demonstrated that metformin does not inhibit hIAPP 

aggregation in vitro94 thus indicating that other mechanisms are likely involved in hIAPP clearance 

in vivo. Unfortunately, studies addressing the effect of Metformin on isolated proteasomes are not 

currently available albeit some reports performed on human liver cancer cells suggest that it may 

suppress proteasome activity.560 On the other hand, Metformin has been reported to augment 

autophagy in pancreatic β-cells561, suggesting that activation of this pathway may play a  role in the 

inhibition of toxic hIAPP accumulation by this molecule.   

7.3. Rosiglitazone  

Rosiglitazone is a member of a class of hypoglycemic agents known as thiazolidinediones.559 Albeit 

with some controversy,562 some studies have demonstrated that rosiglitazone, when administered 

to transgenic mice expressing hIAPP, reduces hIAPP accumulation and decreases β-cells loss, when 

compared to untreated controls.559 It has been also proposed that β-cell protection associated with 

rosiglitazone treatment may be related directly to its ability to inhibit hIAPP fibrillation. However, 

biophysical assays demonstrated that rosiglitazone has only minoreffect on hIAPP aggregation and 

did not protect INS-1 cells from proteotoxicity of exogenous hIAPP.563 Thus, it makes sense that 

rosiglitazone may partly exert its anti-diabetic effects by increasing the cellular degradative 

mechanisms such as UPS and autophagy. Our knowledge about the effects of rosiglitazone on UPS 

is limited. An early work reported a decreased UPS activity in the carotid plaques of diabetic 

patients when matched to non diabetic people564, but detailed informations about the effect of this 

molecule on purified proteasomes is missing. Rosiglitazone is also known to be an autophagy 

enhancer, and this effect may explain its role in the improvement of metabolism and response to 

excess amyloid load in diabetic patients.565  

 

 



  

 
 

7.4. Trehalose  

Trehalose, a non-reducing disaccharide present in non-mammalian species, is known to protect 

cells against a range of adverse environmental factors. Due to its osmolyte properties, trehalose has 

been considered as a small “chaperone” ie. a molecule capable of converting β-sheet rich 

conformations into less fibrillogenic protein structures. There is evidence that low doses (<100 

mM) of trehalose may inhibit hIAPP α-helix to β-sheet rich conformational transitions and delay 

amyloid growth. By contrast, high doses (>500 mM) of trehalose induce conformational transitions 

towards β-sheet rich hIAPP structures that seed hIAPP fibril growth566. This behaviour has been 

observed for other osmolytes567,568 and is in accordance with the hypothesis that low concentrations 

of trehalose may replace water molecules close to hIAPP, bind the peptide chain through a hydrogen 

bond network, reduce protein-protein interactions, and eventually delay fibril growth. By contrast, 

at high concentrations trehalose molecules may self assemble to form clusters that, acting as 

crowding agents, could seed hIAPP fibrillation. Although some of the trehalose protective effects 

may be explained by its chemical chaperone properties, the biochemical mechanisms at the root of 

its effects on pancreatic β-cells remain largely unknown. When treated with trehalose transgenic 

mice expressing hIAPP showed an increased clearance of hIAPP amyloid oligomers in pancreatic 

islets and increased autophagy.569 Moreover, these mice exhibited a better metabolic profile, 

glucose consumption and a higher β-cell viability compared with their untreated counterparts.570 

While the role of trehalose as an autophagy enhancer is widely recognized, its effects in modulating 

proteasome activity are still controversial. Administration of trehalose to neuroblastoma cells was 

reported to revert the accumulation of polyubiquitinated proteins induced by epoxomicin, a known 

proteasome inhibitor.571 In vitro studies showed that the protective effects of trehalose against toxic 

protein aggregation in neuroblastoma cells were turned off by treatment with the proteasome 

inhibitor MG132.572 Similar effects were also observed in liver derived cultured cells, where 



  

 
 

trehalose reduced apoptosis in samples treated with a proteasome inhibitor.572 However, further 

studies are needed to confirm the ability of trehalose to activate the isolated 20S proteasome.  

7.5. Ghrelin 

Ghrelin is 28 residues peptide hormone (sequence: FLSPEHQRVQQRKESKKPPAKLQPR) 

produced in X/A cells from the stomach. Ghrelin plays a role in modifying insulin and glucose 

metabolism, blood pressure lipid homeostasis, and phlogistic processes.573 Notably, ghrelin levels 

are lowered in individuals with T2D. Moreover, ghrelin has a multifaceted impact in metabolism 

regulation, influencing gastric emptying, vascular resistance and memory persistence.574 Notably, 

recent work conducted on neuroblastoma cells has demonstrated that ghrelin has neuroprotective 

and anti-apopototic properties. In the same work, it was also demonstatred that ghrelin activates the 

proteasome and modulate the UPS/autophagy crosstalk.575 Finally, exogenous ghrelin stimulates 

autophagy in rat cortical neurons.576 

7.6. Epigallocatechin gallate 

Epigallocatechin gallate (EGCG) is natural compound present in green tea (7380 mg per 100 g of 

dried leaves). The multifaceted roles of EGCG in i) decreasing glucose uptake, ii) regulating lipid 

metabolism, iii) mitochondrial failure, iv) oxidative stress and v) inflammation are widely 

recognized.577 EGCG is known to interfere with the toxic hIAPP aggregation pathway. In particular, 

upon interacting with EGCG, hIAPP undergoes off-pathway aggregation causing the formation of 

non toxic, amorphous aggregates differently from mature fibrils which exhibit a twisted fibrillar 

morphology.325 Moreover, biophysical assays conducted on different amyloidogenic proteins 

including hIAPP, α-Synuclein, prions, huntingtin, and Aβ peptide, suggest that the inhibitory effect 

of EGCG may be ascribed to a common mechanism in which the ligand binds aggregation-

competetnt intermediates characterized by cross-β sheet structures.578 The role played by EGCG in 

modulating proteasome activity is controversial. Some authors have reported that EGCG is a 



  

 
 

proteasome inhibitor in vitro, and has the ability to activate aopototic processes by promoting the 

accumulation of polyubiquitinated substrates in carcinoma cell lines.579 Moreover, molecular 

simulations have also shown that the ester carbon in EGCG plays a major role in driving interactions 

with the 20S proteasome.580 More recently, EGCG was found to effectively counteract the ability 

of bortezomib to inhibit the 20S proteasome, thus suggesting a complex effect of EGCG on 

proteasome activity.581 These apparently controversial results may be explained by the poor EGCG 

stability under physiological conditions. Indeed, a biologically active derivative of EGCG was 

observed to form in neutral and neutral-alkaline conditions with different activities on several 

cellular processes although further investigations are needed to better understand 

EGCG/proteasome interactions at a molecular level.579 By contrast, the role of EGCG in activating 

autophagy is firmly established. EGCG promotes the formation of autophagosomes also by 

regulating the cytosolic levels of two key proteins involved in autophagy (LC-3 and beclin).582  

7.7. Resveratrol  

Resveratrol (trans-3,5,4 trihydroxy-trans-stilbene) is a member of a family of natural small 

molecules (polyphenols) known for their antioxidant and cytoprotective effects which are known 

to inhibit amyloid formation.583 Resveratrol, in particular, has been shown to have remarkable 

beneficial effects on patients affected by T2D584, and a large number of studies have confirmed that 

resveratrol inhibits hIAPP aggregation in buffer solution in vitro397 and in the presence of model 

membranes.585  Molecular simulations have also shown that resveratrol binds the segment of hIAPP 

encompassing residues 22-27 and inhibits amyloid aggregation by interfering with inter-peptide β-

sheet interactions driven by stacking of its aromatic rings.586 Resveratrol is also known to be a 

proteasome inhibitor, similar to other polyphenols,587 butits role in regulating amyloid clearance is 

poorly understood. In a recent report, the beneficial effects of resveratrol in mitigating ischemia or 

myocardial damage in streptozotocin-induced diabetic rats was ascribed to  enhanced autophagy.588 

A recent study also addressed the effect of resveratrol in promoting autophagy-mediated hIAPP 



  

 
 

degradation, using a pancreatic cell line (hIAPP-INS1) obtained by transfecting INS1 cells with a 

hIAPP overexpressing lentivirus.589 hIAPP amyloid deposition was significantly decreased in 

hIAPP-INS1 cells after treatment with resveratrol. Concomitantly, insulin secretion and glucose 

metabolism were restored. Of note, if autophagy was inhibited by 3-methyladenine, resveratrol was 

ineffective in alleviating hIAPP amyloid deposition and did not restore insulin secretion, indicating 

the role of autophage for removal of hIAPP aggregates. 

7.8. Silybins 

Flavonolignans are a family of natural compounds with attractive pharmacological properties.590 

Silybins are likely the most known members of this class of compounds. A 1:1 mixture of two 

diastereoisomers, Silybin A and Silybin B, collectively known as silibinin, are the major 

components of silymarin, an extract from the milk thistle of Silybum Marianum. Silibinin has been 

recently shown to ameliorate glucose metabolism pathways and its use has been proposed as a 

promising treatment for patients affected by T2D.591  In particular, silibinin protected INS1 cells 

from hIAPP toxicity by a mechanism involving an enhanced expression of apoptosis-associated 

signals.592 Ion mobility mass spectrometry (ESI-IMS-MS) experiments demonstrated that Silybin 

may bind most effectively to a highly extended population of hIAPP peptides, altering the 

aggregation/fibrillization process.156 Moreover, in vitro studies have also shown the ability of 

Silybin to retard hIAPP aggregation and to modulate the structure of the monomeric peptide.563  

The anti-aggregation and anti-amyloidogenic effects of Silybin were also observed for Aβ, 

reinformcing the similarities in the aggregation of these peptides.593  There are few papers regarding 

the effect of sylibins on proteasome activity. Some biochemical assays have demonstrated that 

silibinin may inhibit Platelet-Derived Growth Factor-Driven (PDGF) cell proliferation in human 

fibroblasts by enhancing the UPS activity, albeit information about a direct silibyn/proteasome 

interactions is largely incomplete.594 Silibinin is also known as an effective autophagy enhancer, 

since as silibinin treatment rescued glucose metabolism in streptozotocin-induced diabetic mice.595  

http://biblioproxy.cnr.it:2084/full_record.do?product=UA&search_mode=GeneralSearch&qid=15&SID=D1YimQMFj1vOOFtmgz9&page=1&doc=1
http://biblioproxy.cnr.it:2084/full_record.do?product=UA&search_mode=GeneralSearch&qid=15&SID=D1YimQMFj1vOOFtmgz9&page=1&doc=1
http://biblioproxy.cnr.it:2084/full_record.do?product=UA&search_mode=GeneralSearch&qid=15&SID=D1YimQMFj1vOOFtmgz9&page=1&doc=1


  

 
 

 

Figure 8. Chemical structures of the multifunctional compounds discussed in the main text.  

 

8. CONCLUSION AND PERSPECTIVES 

Why is it difficult to develop drugs for pathological amyloids? 

Evidence has emerged from simulations with atomistic detail596 and coarse-grained models597 that 

amyloid self-assembly is kinetically controlled, with the final amyloid fibril structure not 

necessarily being at the global minimum of the free energy.598 In contrast to protein folding in which 

the same native structure is usually found irrespective of solution conditions and how folding is 

controlled, amyloid fibrils can form from the same, or very similar sequence, with an array of 

different structures dependenting on the growth conditions.  Single-point mutations and/or minor 

changes in external factors, e.g., temperature, pH, buffer composition, growth under agitated or 



  

 
 

quiescent conditions, can thus result in different fibrillar structures, i.e., polymorphism, which has 

been observed in simulations597 and experiments,599 including for hIAPP.  In a cellular context, fibril 

formation can also depend on the cell type, cell age and subcellular localization of the aggregation 

process. In contrast, for most globular proteins the folding process and the proteins’ final state, i.e. , 

the folded structure, are usually robust to sequence changes and external/cellular conditions. It is 

plausible, therefore, that a small molecule modulator of amyloid aggregation could shift the free 

energy barriers along the self-assembly process, which could result in a new fibril form, potentially 

formed via a new pathway in which more or less toxic oligomeric intermediates are formed. As an 

example, a small molecule or peptide that hinders the formation of fibrillar aggregates might 

promote the self-assembly of long-lived and toxic oligomeric species. The failures in clinical 

studies of antibodies and small molecules, that were developed to prevent the formation of 

pathological amyloids, may have resulted, at least in part, from the lack of knowledge on the nature 

of these toxic species and the kinetics of their formation. The recent cryoEM structures of hIAPP 

fibrils166,167,168 and nanodisc-trapped oligomer349 will open the door to the design of small molecules 

that target amylin fibrils and oligomers, respectively, allowing clarification of the contribution of 

fibrils to the pathogenesis associated with T2D. 

The relevance of the kinetics of fibrillogenesis calls for more detailed time-resolved 

experiments, backed up with the atomistic resolution of simulation, to determine how fibrils are 

formed and how the solution conditions determine the mechanism of fibril formation. Time-

resolved biophysical measurements and concomitant cellular assays have been employed to shed 

light on some toxic species.600 Importantly, these experiments have provided evidence that cytotoxic 

hIAPP oligomers contain a modest β-sheet content, and thus anti-amyloid agents, i.e. molecules 

developed to hinder cross-β fibril formation, could potentially extend the lifetime of toxic 

aggregation intermediates of hIAPP amyloid assembly. Conversely, a small molecule (or antibody) 

that stabilizes fibrillar structures might reduce the population of toxic oligomeric species, but would 



  

 
 

increase the amyloid burden. One example of small molecule stabilizer of amyloid fibrils was 

designed by MD simulations and validated in vivo.601 Specifically, using umbrella sampling MD 

for a series of polythiophene derivatives functionalized with negatively charged carboxyl groups, 

the calculated free energy of binding of the compounds to amyloid fibrils showed a remarkable 

correlation with their efficacy in a mouse model of the prion disease.601 

9. OUTLOOK 

In this review, we have presented the molecular determinants of hIAPP amyloid growth by 

dissecting the sequence composition of the hIAPP polypeptide chain, the properties of the various 

hIAPP sequence substitutions and the specific interactions they establish, and the conformational 

features of monomeric, oligomeric and fibrillar hIAPP. Of course, there are other factors that are 

likely to modulate the growth of the hIAPP into amyloid, including glycosylation602 and 

fragmentation of hIAPP fibrils.603 hIAPP amyloid formation can also be influenced by interactions 

with other molecules, including the possible co-aggregation of hIAPP with amyloid-β, with which 

hIAPP shares about 50% sequence similarlity.60,604–606 Finally, it should be noted that almost all the 

experiments described above were conducted in vitro, leaving open the question of how hIAPP 

aggregates in vivo. It is likely that cellular and physiological factors that are difficult to reproduce 

in vitro could play a significant role in the growth of hIAPP into amyloid in vivo under physiological 

and pathological conditions. For example, insulin is known to inhibit hIAPP amyloid 

formation.520,521,607 There are also data indicating that hIAPP amyloid formation initially takes place 

intracellularly in endoplasmic reticulum, golgi or secretory vesicles126,130, and involved both the 

mature hIAPP sequence, as well as proIAPP131 (a 64 amino acid peptide in which IAPP is flanked 

by two short propeptides).608,609 Consequently, the properties of the amylin precursor and its 

possible interaction with mature hIAPP need also to be studied in the future.  

  

 



  

 
 

10. FUTURE DIRECTIONS 

The future directions for hIAPP research and its relevance to T2DM are many-fold. Key areas for 

future research endeavors could include: (a) Stabilizing hIAPP aggregation intermediates: Studies 

focusing on developing approaches to stabilize hIAPP oligomers under various conditions and 

solving their high-resolution structures would be highly valuable in the development of potent 

amyloid inhibitors that can be used to suppress the cell toxicity and potentially to contribute to 

therapeutic strategies for T2DM. (b) Solving structures of hIAPP formed at the membrane: The use 

of lipid-nanodiscs to obtain high-resolution structural insights of various intermediates and pore-

forming structures could provide insights into the toxic mechanism of hIAPP. (c) Structural studies 

on hIAPP aggregates extracted from islet cells to explore the variety of amyloid fibril structures 

formed in a cellular setting. (d) Elucidating the mechanism(s) of hIAPP aggregation by combining 

biophysical techniques including cryoEM, solid-state NMR, EPR and MD simulations. (e) In-cell 

studies to probe hIAPP aggregation and the use of animal models to better understand the molecular 

origins of islet toxicity and the effect of small molecule compounds on hIAPP-induced cell loss. (f) 

Studies probing the roles of cofactors such as metabolites, carbohydrates, small molecules, metals, 

insulin, chaperones, free lipids and other crowding agents. (g) Probing cross-seeding effects of 

other amyloid proteins including amyloid- and insulin, and the effects of antimicrobial peptides 

such as LL-37 and defensins. (h) Systematic screening of small molecule compounds, 

nanoparticles, and enzymes to inhibit hIAPP aggregation and also clear pre-existing aggregates. (i) 

Develop better understanding of the mechanisms of hIAPP degradation by proteolysis, including 

IDE, proteasome and autophagy. (j) Design and characterize small molecules that could rescue an 

impaired hIAPP proteostasis by enhancing the activity of proteolytic systems. (k) A cross-disease 

analysis of apparently unrelated pathologies (including neurodegenerative disorders) to provide 

hints for a deeper understanding of the factors affecting hIAPP accumulation and suggest what 

drugs may be repurposed to treat T2DM. What emerges from all of this, and we hope clearly 



  

 
 

annotated in this review, is that there is still much to be learned about hIAPP as a small, but crucial 

peptide hormone, that if left unchecked, can contribute to one of the most serious of diseases facing 

the mankind today.  
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