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Abstract

Aim: To identify naturally occurring variants of IAPP capable of inhibiting the aggregation of 

human IAPP and protecting living cells from the toxic effects of human IAPP.

Background: The loss of insulin-producing β-cells and the overall progression of type 2 diabetes 

appears to be linked to the formation of toxic human IAPP (hIAPP, Islet Amyloid Polypeptide, 

amylin) amyloid in the pancreas. Inhibiting the initial aggregation of hIAPP has the potential to 

slow, if not stop entirely, the loss of β-cells and halt the progression of the disease.

Objective: To identify and characterize naturally occurring variants of IAPP capable of inhibiting 

human IAPP aggregation.

Methods: Synthetic human IAPP was incubated with synthetic IAPP variants identified from 

natural sources under conditions known to promote amyloid-based aggregation. To identify IAPP 

variants capable of inhibiting human IAPP aggregation, Thioflavin T-binding fluorescence, atomic 

force microscopy, and cell-rescue assays were performed.

Results: While most IAPP variants showed little to no ability to inhibit human IAPP aggregation, 

several variants showed some ability to inhibit aggregation, with two variants showing substantial 

inhibitory potential.

Conclusion: Several naturally occurring IAPP variants capable of inhibiting human IAPP 

aggregation were identified and characterized.

Keywords

Islet amyloid polypeptide; protein aggregation; amyloid; type 2 diabetes; amylin; pancreas

*Address correspondence to this author at the Department of Chemistry and Biochemistry, Loyola Marymount University, Los 
Angeles, CA 90045, USA; Tel: 310-338-4400; dmoffet@lmu.edu. 

HUMAN AND ANIMAL RIGHTS
No Animals/Humans were used for studies that are the basis of this research.

CONFLICT OF INTEREST
The authors declare no conflict of interest, financial or otherwise.

HHS Public Access
Author manuscript
Protein Pept Lett. Author manuscript; available in PMC 2023 December 11.

Published in final edited form as:
Protein Pept Lett. 2021 ; 28(9): 963–971. doi:10.2174/0929866528666210806152706.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. INTRODUCTION

Human Islet Amyloid Polypeptide (hIAPP) is a 37 amino acid hormone co-secreted 

with insulin from pancreatic β-cells [1, 2]. This peptide hormone circulates through the 

bloodstream (some blood concentrations are estimated to be as high as 268 pM [3]) and into 

the brain, where it is credited with slowing gastric emptying and signaling satiety during 

and after a meal [4, 5]. Patients with type 1 diabetes, who no longer possess the ability 

to produce insulin or hIAPP, often take hIAPP mimetic supplements (pramlintide) with 

positive benefits that include satiety after a meal, a decrease in the amount of insulin needed 

to control blood-sugar concentrations and an average weight loss of about 2 kg [4]. The 

complete role of hIAPP within the body remains to be determined, but it seems to be an 

important part of metabolic glucose control.

While hIAPP appears to be a beneficial peptide hormone for controlling appetite, it does 

seem to play a role in the progression of type 2 diabetes [6–8]. hIAPP is one of the 

most aggregation-prone amyloidogenic peptides known [9]. This peptide is known to self-

assemble into toxic amyloid extracellularly within the pancreas, where it is believed to cause 

the loss of pancreatic tissue in patients with type 2 diabetes [4, 10–14]. Some reports claim 

that 95% of type 2 diabetes patients have deposits of hIAPP amyloid within their pancreas 

[10–12].

The IAPP hormone is found throughout the animal kingdom. However, its peptide sequence 

is not entirely conserved across species. IAPP amyloidogenicity appears to be highly 

sequence-dependent, with some variants (such as hIAPP) extremely amyloidogenic and 

other variants (such as rat) highly resistant to aggregation and amyloid formation [15]. 

Recent work indicates that those species expressing amyloidogenic variants of IAPP tend to 

be more prone to developing diabetes whereas those species expressing non-amyloidogenic 

variants of IAPP tend to be resistant to developing diabetes [16, 17]. For example, rats, 

mice, pigs, bears and cows express variants of IAPP that are non-amyloidogenic. None 

of these species are known to spontaneously develop type 2 diabetes-like conditions [18]. 

However, organisms such as humans, cats, monkeys, dogs, chickens, and raccoons express 

amyloidogenic IAPP variants and each of these species is known to have the potential to 

develop diabetic symptoms [18].

If hIAPP aggregation leads to loss of pancreatic mass and the progression of type 2 

diabetes, inhibitors of hIAPP aggregation have the potential to slow, if not halt altogether, 

the progression of the disease [19]. Here, we identify and characterize naturally occurring 

IAPP peptide variants capable of inhibiting the formation of toxic hIAPP amyloid.

2. MATERIALS AND METHODS

2.1. Preparing Disaggregated IAPP

Synthetic human IAPP was from Lifetein (Somerset, NJ) and >95% pure. Initial studies 

of synthetic animal IAPP peptides were from WatsonBio Sciences (Houston, TX) with 

purities between 80–96%. To confirm results, high purity IAPP variants were purchased 

from both Watson Bio Sciences (Houston, TX) and Lifetein (Somerset, NJ) (Table 1). All 
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synthetic IAPP variants were dissolved in hexafluorisopropanol (HFIP, Sigma-Aldrich) to 

0.125 mg/mL and placed in a sonicating water bath for 10 minutes and immediately stored 

at −80°C.

2.2. Thioflavin T Binding Assays

hIAPP alone, or hIAPP mixed with an animal IAPP variant, was pipetted into a glass 

tube and the HFIP was removed under speed-vacuum. The resulting peptide sample was 

dissolved in 20 mM tris buffer pH 7.40. The final in-solution concentrations of hIAPP and 

each animal IAPP are indicated for each assay. Aggregation was initiated by incubating 

samples at 37°C with shaking (200 rpm). At indicated time points, 17 μL aliquot of 

each sample was mixed with 663 μL of 50.0 μM thioflavin T in 20 mM Tris buffer pH 

7.40. Thioflavin T fluorescence emission was recorded (Ex450nm) using a Hitachi F-7000 

fluorescence spectrophotometer.

2.3. Atomic Force Microscopy

Samples were prepared as described above. Human IAPP with or without animal IAPP 

variants were incubated with shaking at 37°C for 40 minutes. After this incubation, 17 μL of 

each sample was deposited onto freshly cleaved mica. Samples were incubated for 5 minutes 

at room temperature before washing with 200 μL sterile water. After drying, the samples 

were scanned using an MFP-3D atomic force microscope (Asylum Research) set on A/C 

mode and a 240 μm silicon cantilever (Catalog #AC240TS, Olympus). Images shown are the 

raw data with no flattening.

2.4. Cell Viability Assay

MTT calorimetric assay measuring the conversion of yellow tetrazolium salt into purple 

formazan crystal catalyzed by a mitochondrial reductase was used. Cell viability studies 

were performed using RIN-m cells (ATCC, CRL-2057) [20]. An equal number of RIN-m 

cells were plated in triplicate and incubated overnight in 96-well plates. The next day, 

fresh RPMI-1640 with phenol red supplemented with 10% FBS was added to cells. 

Hexafluoroisopropanol (HFIP) was removed from each individual human and animal 

IAPP using a centrivap concentrator (LabOnco). All IAPP samples were re-suspended in 

RPMI-1640 with 10% FBS. To ensure even re-suspension, each resulting IAPP-containing 

vial was scraped with a pipette tip six times and vortexed (Vortex Genie Mixer) for 30 

seconds. The whole process, from drying each IAPP to adding each IAPP to the cells was 

uniform to ensure each sample was incubated for an equal amount of time with each IAPP 

variant. IAPPs were added to cells at various specified concentrations and incubated for 48 

h at 37°C. Post-incubation, the media in each well were replaced by fresh DMEM/F-12 

without phenol red. MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazolium bromide) 

was added into each well and incubated at 37°C for 2h. Formazan crystals, formed on 

the bottom of the wells, were re-suspended in solubilization buffer (20% SDS and 50% 

dimethylformamide). The absorbance in each well was taken at 570 nm using a Multiskan 

FC Microplate Photometer (Thermo Fisher Scientific). Media and FBS were obtained from 

ATCC. All incubations took place in a water-jacketed incubator in 5% carbon dioxide at 

37°C (Shell Lab).
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2.5. Cell Cytotoxicity Assay

LDH cytotoxicity assay was used to measure the amount of LDH released into the media 

upon membrane damage. IAPP variants were added to RIN-m cells as described above 

and incubated at 37°C for 48 hours. Two extra wells of cells were prepared to determine 

spontaneous and maximum LDH release controls. Post-incubation, Pierce LDH cytotoxicity 

assay kit (Thermo Fisher) was used to develop each sample according to the manufacturer’s 

instructions. Briefly, 10 μL of water and lysis buffer were added to appropriate wells and 

incubated for 45 minutes in the cell culture incubator. 50 μL of each sample was transferred 

to a new 96-well plate and mixed with 50 μL of the reaction mixture. The samples were 

incubated for 30 minutes at room temperature in the dark before the addition of 50 μL of 

stop solution. Absorbance was measured at 450 nm and 620 nm using a Thermo Scientific 

Multiskan FC plate reader (Fisher Scientific). Percent cytotoxicity was calculated using the 

equation provided by the manufacturer.

2.6. Cell Imaging

Cell morphology was examined using Motic AE31E Microscope solutions with Moticam 3.0 

MP camera.

3. RESULTS

The amino acid sequence of human IAPP (hIAPP) is compared to the amino acid sequences 

of the animal IAPP variants investigated in this study (Figure 1). The animal variants 

identified in this work as showing potential for inhibiting hIAPP aggregation are listed at the 

top of the figure, while those variants lacking inhibitory potential are listed at the bottom. 

Only amino acids that differ from the sequence of hIAPP are indicated in the figure.

To identify variants having inhibitory potential against hIAPP aggregation, each variant 

was mixed with hIAPP (2:1 molar ratio of animal variant to hIAPP) and incubated under 

conditions known to promote hIAPP aggregation and fibril formation. Over 40 minutes, 

these samples were monitored for their ability to bind thioflavin T (Figure 2) and their 

ability to form fibrils as identified with atomic force microscopy (AFM) (Figures 3 and 

4). Thioflavin T binding is a common technique for identifying amyloid formation in real-

time [21]. Because hIAPP is known to bind thioflavin T during aggregation and amyloid 

formation, the technique proves to be a simple method for identifying substances with 

amyloid-inhibiting potential. Unfortunately, thioflavin T binding is known to yield false 

positives when, for instance, the inhibitor does not prevent amyloid formation, but rather 

prevents thioflavin T from binding to the amyloid. From previous work performed by us and 

others, thioflavin T does not bind well to all variants of IAPP, and could not be relied on 

solely to identify inhibitory IAPP variants [18, 22].

AFM was used to test the amyloid-inhibitory potential of each variant directly. hIAPP, under 

these amyloid-forming conditions, forms high-density plaques of fibrils when deposited 

onto mica and scanned via AFM (Figures 3 and 4) [23, 24]. Likewise, many of the animal 

IAPP variants are known to form fibrils by themselves (without hIAPP present) and yield 

amyloid-plaques when scanned via AFM [18]. In these mixing studies, cow, degu dolphin, 
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guinea pig, horse, pig, rat, and sheep IAPP variants either had no effect on hIAPP fibril 

formation or formed fibrils with hIAPP (Figure 3). Five IAPP variants were found to show 

at least modest ability to inhibit hIAPP fibril formation (Figure 4). Chicken, cat, polar bear, 

raccoon, and seal all showed significant ability to prevent fiber formation. Interestingly, 

all of these variants except polar bear are known to aggregate and form fibrils themselves 

(without hIAPP) under these (or similar) conditions [16, 18].

To identify the strongest in vitro inhibitors of hIAPP aggregation, animal variants were 

diluted while holding the concentration of hIAPP constant at 37 μM. Cat, polar bear, and 

seal appeared to lose inhibitory capability when mixed with hIAPP at a 1:1 molar ratio (data 

not shown). Chicken IAPP continued to show some inhibition (some fibers were identified, 

but vastly fewer than hIAPP alone). However, raccoon IAPP was the strongest in vitro 
inhibitor of hIAPP aggregation. Raccoon IAPP continued to show inhibitory efficacy against 

37 μM hIAPP at 18.5 μM (Figure 5).

Several assays were performed to identify the peptide variants with the greatest ability to 

rescue cells from the toxic effects of hIAPP. The MTT assay was used to measure the effect 

of each IAPP variant (human and non-human) on the viability of RIN-m cells. RIN-m cells 

alone were set as one hundred percent viable and were used as a positive control (Figure 

6, black bar). Human IAPP and each individual animal IAPP variant were added to cells 

separately to determine their effect on cell viability relative to cells alone (Figure 6, blue 

bars). Animal IAPPs were mixed with hIAPP at a 1:1 molar ratio (Figure 6, red bars) and 

their combined effects on RIN-m cell viability were determined. hIAPP was consistently 

toxic to the cells. A 12.8 μM hIAPP concentration resulted in a decrease in cell viability by 

45+/−5%. IAPPs from raccoon and cat resulted in an average decrease of cell viability of 

about 25%, while IAPPs from seal and polar bear decreased cell viability by 20%. Chicken 

IAPP was not as toxic to the cells with an average of 10% decrease in cell viability. Rat 

IAPP did not show a significant effect on cells. Mixing raccoon IAPP or chicken IAPP with 

hIAPP consistently rescued cells to 72% and 76% viability, respectively. Both cat and seal 

IAPPs were capable of cell rescue from the toxic effect of hIAPP but those results were not 

significant. Both polar bear IAPP and rat IAPP were unable to rescue cells from the toxic 

effects of hIAPP (Figure 6, red bars).

The LDH cytotoxicity assay was used to measure the amount of LDH released into the cell 

culture media as a result of damage to the cellular plasma membrane (Figure 7). Cells alone 

showed no cytotoxicity, while the addition of hIAPP to RIN-m cells increased the release of 

LDH into the media. The addition of raccoon, chicken, cat, seal, and polar bear IAPPs to the 

cells showed some damage to the plasma membrane of the cells, but much less compared to 

hIAPP. Rat IAPP on its own had very little effect on the cellular plasma membrane. Mixing 

hIAPP with raccoon, chicken, cat, seal, or polar bear IAPP decreased the toxicity of hIAPP 

and reduced the amount of damage to the plasma membrane. The addition of rat IAPP to 

hIAPP increased the amount of cytotoxicity in the cell.

The morphology of RIN-m cells changed upon incubation with toxic hIAPP. RIN-m cell 

morphology was examined when incubated with each individual IAPP as well as when 

each non-human IAPP was mixed with hIAPP (Figure 8). RIN-m cells alone showed 
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epithelial-like structure and grew in distinct patches firmly attached to the plate surface. 

The addition of hIAPP resulted in changes in cellular shape, formation of granular nuclear 

structures, and detachment of numerous cells from the plate surface. When incubated with 

RIN-m cells individually (in the absence of hIAPP), raccoon, chicken, and rat IAPP did not 

cause significant changes to RIN-m morphology. Incubation of cat, seal, or polar bear IAPP 

with RIN-M cells (in the absence of hIAPP) showed some rounding of cells and detaching 

from the plate. Mixing of raccoon IAPP or chicken IAPP with hIAPP resulted in cells that 

maintained their epithelial shape and remained attached to the plate. Mixing of cat IAPP or 

seal IAPP with hIAPP resulted in cells looking better than cells incubated with hIAPP alone, 

but the resulting cellular morphology was different from cells alone (cells remained attached 

to the plate, but some granular nuclear structures could be seen). Polar bear IAPP mixed 

with hIAPP resulted in patches of rounded cells. Mixing of rat IAPP with hIAPP resulted in 

many cells with a round shape and detached from the plate.

4. DISCUSSION

Naturally occurring peptides, such as rat IAPP, have been previously identified as modest 

inhibitors of hIAPP aggregation [25, 26]. Rat IAPP, however, does not independently 

aggregate, form fibrils, or show toxicity to living cells [27–29]. In this report, we identified 

several hIAPP amyloid inhibitors from a collection of naturally occurring variants that form 

amyloid, produce fibrils, and are toxic to cells themselves (independently of hIAPP). IAPP 

from cat, chicken, raccoon, and seal are all known to form amyloid fibrils [18]. Under these 

experimental conditions, mixing fibril-forming hIAPP with any of these fibril-forming IAPP 

variants led to a cessation of fibril-formation and reduced levels of toxicity due to hIAPP.

The two IAPP variants showing the strongest inhibitory potential in vitro, chicken and 

raccoon, were also the two variants showing the greatest ability to rescue living cells from 

toxic hIAPP. While seal, polar bear, and cat IAPP showed in vitro that they could inhibit 

hIAPP aggregation at 2 to 1 molar ratios, they showed little ability to rescue cells from 

hIAPP at 1 to 1 molar ratios.

It is unlikely that a single amino acid substitution between hIAPP and an animal variant 

is the sole driving force behind the inhibition of aggregation. When comparing the amino 

acid sequences of hIAPP and the inhibitory animal IAPP variants, three amino acids are 

mostly conserved among the inhibitory peptides, H18R, F23L, and S29P (Figure 1). Yet, 

these three conserved positions exist also in many of the non-inhibitory peptides. All thirteen 

animal variants described here have the S29P exchange (five inhibit hIAPP aggregation and 

eight show no effect), making it unlikely that this is the driving force behind the inhibition 

of hIAPP. Likewise, ten of the thirteen variants described here have the F23L substitution 

(three inhibit hIAPP aggregation and seven show no effect) and ten out of thirteen possess 

the H18R substitution (five inhibit hIAPP aggregation and five show no effect).

The results suggest that these three substitutions (H18R, F23L, and S29P) are important 

for inhibition of hIAPP aggregation, but that another factor is also likely to be necessary. 

When comparing the inhibitor peptides from non-inhibitors, what stands out is the number 

of amino acid substitutions in the H18-S28 region of the peptide. This region has long been 
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suggested as being important for hIAPP self-assembly [15, 30–32]. Likewise, this region has 

led to the identification of short peptide inhibitors of hIAPP aggregation that specifically 

target the 20–29 region of hIAPP [33–39]. In this study, the majority of peptides that inhibit 

hIAPP aggregation have the three substitutions described above (H18R, F23L, and S29P) 

and have few additional substitutions in the H18-S28 region. Whereas, the non-inhibitory 

peptides seemed to either have a preponderance of substitutions in the H18-S28 region 

and/or lacked the H18R, F23L, and S29P substitutions. It is likely that the H18-S28 region 

is necessary for the inhibitor peptides to interact with hIAPP, while the H18R, F23L, and 

S29P substitutions (or some combination thereof) are necessary for the observed inhibitory 

activity.

Inhibition of amyloid formation by naturally occurring homologs is not limited to IAPP. 

Previous work has identified homologs of alpha-Synuclein, the amyloid protein believed to 

be directly involved in the progression of Parkinson’s Disease, as inhibitors of amyloid and 

fibril formation [40–42]. Both beta- and gamma- synculeins have been shown to be capable 

of inhibiting alpha-synuclein aggregation and fiber formation [43].

CONCLUSION

While the root cause of type 2 diabetes remains to be determined, the cytotoxicity of hIAPP 

and concomitant loss of β-cell mass seem to participate in the progression of the disease 

[44, 45]. Inhibiting the formation of hIAPP toxic species could slow, if not stop altogether, 

the progression of the disease. Because hIAPP is excreted extracellularly, small peptides, 

such as hIAPP analogs or animal IAPP variants, could be potential therapeutic agents 

for inhibiting hIAPP amyloidogenicity and protecting cellular viability. Several naturally 

occurring IAPP variants are identified and characterized for their ability to inhibit hIAPP 

aggregation and cellular toxicity.
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LIST OF ABBREVIATIONS

IAPP Islet Amyloid Polypeptide

hIAPP human IAPP

ThT Thioflavin T

HFIP Hexafluoroisopropanol

AFM Atomic Force Microscope

MTT 1-(4,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan
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Figure 1. 
Sequence comparison between human IAPP and animal IAPP variants in this study. Only 

amino acids that differ from the sequence of hIAPP are indicated. IAPP variants found to 

inhibit hIAPP aggregation are indicated in the top half of the figure, with variants showing 

no ability to inhibit hIAPP aggregation listed in the bottom half of the figure.

Oakes et al. Page 11

Protein Pept Lett. Author manuscript; available in PMC 2023 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
37 μM Human IAPP mixed with 75 μM of each indicated animal IAPP. Samples were 

incubated at 37°C for 40 minutes with shaking. Fluorescence at 488 nm was recorded at the 

indicated time points. The average of at least three trials is shown with error bars indicating 

the standard deviation among trials.
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Figure 3. 
IAPP variants showing no inhibition of hIAPP aggregation. 37 uM Human IAPP mixed with 

75 uM of each animal IAPP. Samples were incubated at 37 degrees C for 40 minutes with 

shaking. All scans are shown as 10 μM × 10 μM.
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Figure 4. 
IAPP variants showing inhibitory potential against hIAPP aggregation. 37 uM Human IAPP 

mixed with 75 uM of each animal IAPP. Samples were incubated at 37 degrees C for 40 

minutes with shaking. All scans are shown as 10 μM x 10 μM.
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Figure 5. 
AFM images of hIAPP with dilutions of raccoon IAPP. Inhibition of hIAPP aggregation 

with diluted concentrations of raccoon of raccoon IAPP. All samples contained 37 μM 

hIAPP. 1:1 sample contained 37 μM hIAPP mixed with 37 μM raccoon IAPP. 1:0.5 sample 

contained 37 μM hIAPP mixed with 18.5 μM raccoon IAPP. Samples were mixed at 37°C 

for 40 minutes with shaking at 200 rpm prior to depositing onto freshly cleaved mica.
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Figure 6. 
MTT viability assay showing the average of four separate experiments performed in 

triplicate. The black bar shows the average viability of cells alone. The blue bars indicate 

the average cell viability upon the addition of 12.8 μM hIAPP or animal IAPP variants 

individually (animals indicated on the horizontal axis). The red bars display cell viability 

of hIAPP mixed with each animal IAPP variant (1:1 ratio of each IAPP with 12.8 μM of 

individual IAPP). Asterisks show a significant increase (p<0.05) in cell viability between 

hIAPP alone and hIAPP mixed with raccoon or chicken IAPP variants.
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Figure 7. 
LDH cytotoxicity assay. The first bar shows the average cytotoxicity of cells alone. The blue 

bars indicate the average cell cytotoxicity upon addition of 12.8 μM hIAPP or animal IAPP 

variants individually (animals indicated on the horizontal axis). The red bars display cell 

cytotoxicity of hIAPP mixed with each animal IAPP variant (1:1 ratio of each IAPP with 

12.8 μM of individual IAPP).
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Figure 8. 
Cell morphology. The top panel shows cells alone, cells treated with 12.8 μM hIAPP, and 

cells treated with 12.8 μM of each IAPP animal variant. The bottom panel shows cells 

treated with 12.8 μM of hIAPP mixed with each IAPP animal variant (1:1 ratio of each 

IAPP).
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Table 1.

Vendor and purity of synthetic animal IAPP samples used in this study.

Organism IAPP Company Provider Purity

Cat Watson BioSciences 96.0%

Chicken Watson BioSciences 96.8%

Pig Watson BioSciences 95.1%

Polar Bear Watson BioSciences 96.6%

Seal Watson BioSciences 95.9%

Raccoon Watson BioSciences 96.4%

Raccoon Lifetein 95.5%
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