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Abstract: The aberrant misfolding and self-assembly of
human islet amyloid polypeptide (hIAPP)–a hormone that
is co-secreted with insulin from pancreatic β-cells–into
toxic oligomers, protofibrils and fibrils has been observed
in type 2 diabetes mellitus (T2DM). The formation of these
insoluble aggregates has been linked with the death and
dysfunction of β-cells. Therefore, hIAPP aggregation has
been identified as a therapeutic target for T2DM manage-
ment. Several natural products are now being investigated
for their potential to inhibit hIAPP aggregation and/or
disaggregate preformed aggregates. In this study, we
attempt to identify the anti-amyloidogenic potential of
Myricetin (MYR)- a polyphenolic flavanoid, commonly
found in fruits (like Syzygium cumini). Our results from

biophysical studies indicated that MYR supplementation
inhibits hIAPP aggregation and disaggregates preformed
fibrils into non-toxic species. This protection was accom-
panied by inhibition of oxidative stress, reduction in lipid
peroxidation and the associated membrane damage and
restoration of mitochondrial membrane potential in INS-1E
cells. MYR supplementation also reversed the loss of
functionality in hIAPP exposed pancreatic islets via
restoration of glucose-stimulated insulin secretion. Mo-
lecular dynamics simulation studies suggested that MYR
molecules interact with the hIAPP pentameric fibril model
at the amyloidogenic core region and thus prevents ag-
gregation and distort the fibrils.
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Introduction

The misfolding and aggregation of proteins/peptides lead-
ing to the formation of amyloidogenic aggregates has been
linked with several human diseases, including Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease and
Type 2 Diabetes Mellitus (T2DM), etc. (Dobson 2003). The
human islet amyloid polypeptide (hIAPP) or amylin is a 37-
residue long polypeptide, that is produced and co-secreted
alongwith insulin from thepancreaticβ-cells (Marzbanet al.
2003; Stridsberg and Wilander 1991). Under normal condi-
tions, hIAPP functions as a satiety hormone and plays an
important role in counter-regulating insulin secretion by
suppressing food intake and increasing blood glucose levels
(Cooper et al. 1988). However, under chronic hyper-
glycaemic and dyslipidemic conditions associated with
T2DM, the amount of hIAPP mRNA expression and protein
release increases from the pancreatic islets, thereby result-
ing in the aggregation of hIAPP into toxic amyloid deposits
(Cadavez et al. 2014; Kusakabe et al. 2012; Okada et al. 2016;
Pilkington et al. 2016). The formation of these amyloido-
genic aggregates has been linked to the β-cells dysfunction
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and apoptosis; wherein these aggregates have been detec-
ted in >90% of diabetic subjects (Jurgens et al. 2011;
Mukherjee et al. 2015).

The aggregation of hIAPP is considered as a non-
covalent assembly process that follows a nucleation-
elongation mechanism; wherein monomeric proteins
aggregate to form small oligomers which further grow to
form proto-fibrils and fibrils (Buchanan et al. 2013; Frieden
2007). These hIAPP intermediates interact differently with
cell membranes, thereby causing structural perturbations;
inducing inflammation, endoplasmic reticulum stress and
mitochondrial damage in cells; and hence lead to pancre-
atic β-cells cell death (Cao et al. 2013). The insulin content
and glucose stimulated insulin secretion (GSIS) from
pancreatic β-cells is also affected in the presence of these
intermediates (Dubey et al. 2017). Therefore, inhibition of
hIAPP aggregation and the disaggregation of the pre-
formed fibrils are being considered as an attractive strategy
for the effective management of T2DM.

Recent studies have reported natural small molecule
like terpenoids, flavanoids, etc.; chemically synthesized
compounds and peptides; and molecular chaperones and
metallic ions; have the potential to inhibit hIAPP aggre-
gation and/or disaggregate the pre-formed hIAPP fibrils
(Cadavez et al. 2014; He et al. 2013; Jayakanthan et al. 2009;
Li et al. 2014; Ma et al. 2014; Sim et al. 2010). A family of
pharmaco-chaperones were studied as modulators that
showed multiple target capacity in the aggregation-
oligomerization process (Fernández et al. 2018). These
pharmaco-chaperons were shown to inhibit and/or delay
the aggregation-oligomerization pathway by binding and
stabilizing the amyloid-like steric zipper of amyloid struc-
tures of hIAPP. Polyphenolic compounds including
(–)-epigallocatechin 3-gallate (EGCG), curcumin, resvera-
trol, and kaempferol have been identified as effective in-
hibitors against hIAPP aggregation and several other
amyloidogenic proteins including, Tau, Aβ, α-Syn (Apetz
et al. 2014; Blanchard et al. 2004; Pithadia et al. 2016;
Stefani and Rigacci 2013). Other polyphenolic compounds
like morin hydrate, silibinin, quercetin, azadirachtin and
salvianolic acid B have also been investigated as inhibitors
of hIAPP aggregation (Cheng et al., 2012, 2013; Dubey et al.
2019; Zelus et al. 2012); however, the detailed mechanistic
insights into the process remains elusive.

MYR is a polyphenolic flavanoid, commonly found in
fruits (like Syzygium cumini commonly known as Jamun),
nuts, berries, tea, and redwine (Gajera et al. 2017; Hiermann
et al. 1998). Anti-inflammatory, anti-oxidant, anti-
hypertensive, anti-cancer, and anti-diabetic activities have
been reported for this compound (Supplementary Table S1)
(Borde et al. 2011; Chang et al. 2007; Chhikara et al. 2018;

Karker et al. 2016;Semwal et al. 2016;Wangetal. 2010). Inan
earlier study, MYR was demonstrated to have anti-
amyloidogenic properties against Aβ and egg white lyso-
zyme (Hamaguchi et al. 2009;Heet al. 2014;Onoet al. 2003);
however its effect on hIAPP aggregation and disaggregation
is highly debated (Supplementary Table S1). While on one
hand, Noor et al. concluded that MYR is not an effective
inhibitor of hIAPP aggregation (Noor et al. 2012); another
study by Zelus et al. provided evidence that MYR inhibits
hIAPP fibrillization and protects the mammalian PC12 cells
fromhIAPP-mediated cytotoxicity (Supplementary Table S1)
(Zelus et al. 2012). However, the mechanistic and detailed
structural insights on how MYR inhibits hIAPP fibrillization
were not clear from these investigations. Moreover, the in-
fluence of MYR on the pre-formed fibrils and aggregates has
not yet been reported.

In the current study, using detailed biophysical and
cellular assays, we aimed to investigate the anti-
amyloidogenic and anti-diabetic potential of MYR by tar-
geting the hIAPP aggregation pathway. Cellular experi-
ments performed with the rat insulinoma cells–INS-1E,
showed that MYR mediates protection against hIAPP--
induced cytotoxicity via reduction of mitochondrial and
cellular reactive oxygen species (ROS) levels; reduction in
lipid peroxidation and the associated membrane perme-
ability; and restoration of mitochondrial membrane poten-
tial (MMP). Indeed, MYR supplementation resulted in
restoration of the GSIS from hIAPP exposed mouse pancre-
atic islets. In addition to this, molecular dynamics simula-
tions studies performed with the hIAPP pentameric fibril
model revealed three possible binding sites [namely, site-1
(“NNFGAILSS”) site-2 (“FLVHS”), and site-3 (“NVGSNT”)]
for MYR on the hIAPP fibrils. Overall, our results suggest
that MYR may act as a potential inhibitor for amyloido-
genesis and hence, can be used as a dietary supplement for
more effective management of T2DM and related amyloi-
dogenic disorders.

Results

MYR inhibits the aggregation of hIAPP in
vitro

hIAPP is known to form amyloidogenic aggregates and the
formation of these aggregates can be monitored by thio-
flavin T (ThT) fluorescence spectroscopy. ThT is a
commonly used probe that detects cross β-sheet rich am-
yloid fibrils wherein its quantum yield increases signifi-
cantly upon binding to amyloid fibrils (Biancalana et al.
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2009). In order to monitor the kinetics of hIAPP fibrilliza-
tion in the presence of MYR, ThT fluorescence measure-
ments were carried out. As can be seen from Figure 1A
(Red), ThT fluorescence intensity of hIAPP increased with
incubation time thereby demonstrating the formation of
the cross-β sheet rich amyloid fibril. However, significant
disruption in the amyloid formation was observed in
samples where MYR supplementation was performed,
thereby suggesting a strong inhibition of hIAPP aggrega-
tion (Figure 1A). In fact, MYR supplementation in as little as
1:0.5 M equivalents was enough to inhibit hIAPP aggre-
gation completely (Figure 1A; green). We also investigated
the effect of resveratrol supplementation on hIAPP aggre-
gation as a positive control. Resveratrol exhibits anti-
neuroinflammatory activity and is a known inhibitor of
amyloidogenic proteins such as Aβ and hIAPP. Extensive
work has been carried out previously to show the same
(Sciacca et al. 2018; Sun et al. 2010; Tu et al. 2015). In line
with the previous studies, we also observed an inhibitory
action of resveratrol on hIAPP aggregation pathway
(Figure S2).

Next, to validate these observations further and to
eliminate the possibility that MYR was most likely

competing for the same binding site as ThT on hIAPP,
additional assays including intrinsic tyrosine (Y37) fluo-
rescence measurements (to reveal the information about
the changes in the structure and local environment) and
8-anilinonaphthalene-1-sulfonic acid (ANS) fluorescence
spectroscopy were carried out. As expected, the intrinsic
tyrosine fluorescence intensities for hIAPP alone increased
significantly in a time-dependent manner (Figure 1B red,
Figures S3 and S4). The maximum intensities were
observed after 12 h of incubation at 37 °C; therefore, all
further experiments were carried out in these conditions.
MYR supplementation in 1:0.5 M equivalents (hIAPP:MYR)
led to significant reduction in intrinsic tyrosine fluores-
cence intensities (Figure 1B, green), thus suggesting that an
interaction between hIAPP and MYR exists. Fluorescence
intensities further dropped when the molar equivalent was
increased to 1:1 (Figure 1B, blue) and 1:5 (Figure 1B, pink).
ANS fluorescence assays, used to probe changes in the
exposed hydrophobic surfaces (carried out at 37 °C and 12 h
incubation), also showed similar reduction in ANS fluo-
rescence intensity, thereby suggesting towards a change in
the hydrophobic surface of hIAPP upon interaction with
MYR (Figure 1C).

Figure 1: Myricetin (MYR) supplementation alters the amyloidogenicity of human islet amyloid polypeptide (hIAPP).
(A) Time dependent Thioflavin T fluorescence intensity of hIAPP with different molar ratio of MYR (hIAPP: MYR 1:0.5, 1:1 and 1:5);
(B) Intrinsic tyrosine fluorescence intensity of hIAPP in presence ofMYR at different concentration at 37 °C for 12 h; (C) Decrease in hydrophobic
surface exposure of MYR supplemented hIAPP (in increasing concentrations) analysed by 8-anilinonaphthalene-1-sulfonic acid (ANS)
fluorescenceassay after incubation for 12 h at 37 °C; (D)Morphological studyof hIAPP alone and in presenceofMYR (1:1 and 1:5 respectively) by
AFM imaging. Disaggregation of preformed hIAPP fibrils investigated by performing (E) Thioflavin T (ThT) fluorescence studies of hIAPP fibril
alone and in presence of MYR in different molar equivalents (hIAPP:MYR = 1:1 and 1:5); and (F) Intrinsic tyrosine fluorescencemeasurement to
assess the micro-environment of aromatic tyrosine residue of preformed hIAPP fibrils in presence of different molar equivalents of MYR; (G)
ANS fluorescence measurements to assess the hydrophobic surface exposure of preformed hIAPP fibrils in the presence of different molar
equivalents of MYR; (H) Representative AFM images of preformed hIAPP fibrils after incubation with differentmolar equivalents of MYR (hIAPP:
MYR = 1:5 & 1:10). *p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001.
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Furthermore, atomic force microscopy (AFM) imaging
of the hIAPP fibrils in the absence and in the presence of
MYR was performed. As can be seen from Figure 1D and
Figure S5A, mature and elongated fibrils were observed
in the hIAPP samples. On the other hand, MYR supple-
mentation (hIAPP:MYR = 1:1 & 1:5) clearly indicated the
loss of fibrillar structure and the formation of amorphous
aggregates (Figure 1D; Figure S5B and C). While MYR
supplementation in 1:1 M equivalents resulted in the
formation of globular aggregates; amorphous aggregates
were observed when MYR was added in five fold molar
excess (Figure 1D).

Myricetin disaggregates the preformed
hIAPP fibrils in vitro

An alternative strategy for themanagement of T2DMwould
be to target the preformed hIAPP fibrils in the pancreatic
β-islets. Therefore, we investigated the effect of MYR sup-
plementation of the pre-formed hIAPP fibrils in vitro.
Briefly, preformed hIAPP fibrils were incubated with
different molar equivalents of MYR (hIAPP:MYR = 1:1, 1:5
and 1:10) for 1 h at room temperature and morphological
and biophysical studies were carried out. ThT fluorescence
assay showed a significant decrease in ThT fluorescence
intensity of pre-existing hIAPP fibrils incubated with MYR
in a dose dependent manner (Figure 1E). These studies
were further validated by performing intrinsic Y37 fluo-
rescence measurements wherein a significant reduction in
the intrinsic tyrosine fluorescence intensity were observed
for preformed hIAPP fibrils co-incubated with MYR when
compared to the untreated hIAPP fibrils (Figure 1F). Since,
Y37 is present at the C-terminal of the hIAPP peptide, these
investigations also pointed out that one of the possible
sites of MYR interaction with hIAPP probably lies around
Y37. Furthermore, ANS fluorescence assay showed a sig-
nificant reduction in ANS fluorescence intensity for MYR
supplemented preformed hIAPP fibrils when compared to
thefibrils alone (Figure 1G). These investigations suggested
a change in the hydrophobic surface exposure in the hIAPP
fibrils upon addition of MYR. Indeed, these findings were
confirmed by AFM imaging to analyze the morphology of
pre-formed hIAPP fibrils in the presence and absence of
MYR (Figure 1H). The pre-formed hIAPP fibrils formed
dense fibrillar network, characteristic of amyloidogenic
proteins (Figure 1D). On the other hand, supplementation
with MYR in 1:5 and 1:10 M equivalents resulted in the
formation of smaller, amorphous hIAPP aggregates
(Figure 1H; Figure S6B and C).

Secondary structure of hIAPP is affected in
the presence of MYR

The pathway that leads to the formation of amyloidogenic
aggregates and fibrils starts with the conversion of un-
structured monomer to cross β-sheet rich amyloid fibrils
via various intermediate stages (Buchanan et al. 2013). This
involves several changes in the secondary structure of the
peptide which can be monitored using far-UV CD spec-
troscopy and fourier transforms infrared (FTIR) spectros-
copy studies. Figure 2A depicts the structural transitions
that occur in hIAPP as it proceeds from a random coil
structure (black) to typical β-sheet conformation (a major
negative peak at 220 nm; red) via the formation of helical
intermediates (blue and green) over the period of 12 h. On
the other hand, the incubation of hIAPP with MYR (1:1 M
equivalents) for as little as 4 h (blue) and 8 h (green)
resulted in significant conformational changes. Indeed by
12 h, a completely helical conformation was observed for
hIAPP supplemented with MYR, thereby indicating the
complete absence of amyloid aggregates (Figure 2B; red).
Similar structural transitions were observed when pre-
formedhIAPPfibrilswere co-incubated for 12 hwithMYR in
1:5 (Purple) and 1:10 (Cyan)molar equivalents, respectively
(Figure 2B). The quantification of secondary structure
analysis has been summarized in Supplementary Table S2.

Similar structural transitions were observed in hIAPP
peptides supplemented with MYR using FTIR spectroscopy.
The recorded FTIR spectra were deconvoluted from the re-
gion between 1600 to 1800 cm−1 for all samples, and peaks
were assigned according to published reports (Barth 2007).
The spectra for hIAPP peptide showed a predominant band
near 1632 cm−1 and 1696 cm−1, thereby suggesting the pres-
ence of β-sheet, with a small amount of coil contents
(1654 cm−1) and β-turns (1676 cm−1) (Figure 2C). The addition
of equimolar amount of MYR (1:1 M ratio) resulted in
conformational transition, which consisted majorly of
α-helical contents (1648 cm−1) with some β-sheet contents
(1693 cm−1) and β-turn (1668 and 1683 cm−1) (Figure 2D).

MYR protects pancreatic β-cells against
hIAPP-mediated cytotoxicity

Cytotoxicity mediated by hIAPP was investigated in INS-
1E cells using the MTT and LDH release assays. In line
with previous reports from our and other labs (Dubey
et al. 2017; Hernández et al. 2018; Li et al. 2009), it was
observed that synthetic hIAPP significantly affected the
viability of INS-1E cells when compared to untreated
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control cells in 24 h [Figure 3A (as assessed by MTT
assay) and Figure 3B (as assessed by LDH release assay)].
However, supplementation of MYR in molar ratios as low
as 1:1 mediated protection from hIAPP-induced cytotox-
icity. Control experiments with MYR alone showed no
significant effect on cellular viability at the tested con-
centrations (Figure S7). The compromised proliferation
capacity of INS-1E in the presence of hIAPP was rescued
by the supplementation of MYR in 1:5 M equivalents
(Figure 3C). Likewise, co-incubation of the pre-formed
hIAPP fibrils with MYR in 1:5 M equivalents protected
INS-1E cells from hIAPP-mediated cytotoxicity (as
assessed by MTT assay) (Figure 3D).

The cytotoxicity in INS-1E cells upon hIAPP exposure
was mediated by apoptosis, as assessed using Annexin
V/PI staining. As can be observed from Figure 3E, the
percentage of cells undergoing apoptosis increased from
16.20% (±2.5%) in untreated cells to 47.93% (±5.13%) in
hIAPP treated INS-1E cells (p < 0.001). This was rescued
upon MYR supplementation (in 1:5 M excess) and the per-
centage of apoptotic cells was reduced to 25.67% (±1.98%).

In addition to this, the arrest of INS-1E cells incubated with
hIAPP in the S and G2/M phase of the cell cycle was
restored upon MYR supplementation in 1:5 M ratios
(Figure 3F; quantified in Figure 3G). MYR supplementation
in INS-1E cells showed no significant differences in the cell
cycle profile when compared to the control cells, thereby
strengthening our previous observation that MYR is not
cytotoxic to INS-1E cells.

Exposure of INS-1E cells to hIAPP has been associated
with induction of oxidative stress (Borchi et al. 2014; Dubey
et al. 2017; Zraika et al. 2009). ROS levels in INS-1E cells
were measured using DCFH-DA (cellular ROS levels;
Figure 4A) and Mitosox Red (mitochondrial ROS levels;
Figure 4B) and were found to be elevated in INS-1E cells
exposed to hIAPP. MYR supplementation not only rescued
hIAPP-exposed INS-1E cells from total cellular ROS
(Figure 4A), mitochondrial ROS (Figure 4B); but also pre-
vented the associated lipid peroxidation and membrane
damage (expressed as TBARS/mg protein) (Figure 4C).
These cells possessed healthier mitochondria (measured
using JC-1–an indicator of mitochondrial membrane

Figure 2: Structural characterization of hIAPP in presence of MYR. Far-UV CD spectra of
(A) hIAPP alone and; (B) hIAPP and pre-formed hIAPP fibrils supplemented with equimolar concentration of MYRmonitored at 0, 4, 8 and 12 h.
FT-IR spectrum of (C) hIAPP alone and; (D) supplemented with equimolar concentration of MYR monitored after 12 h.
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potential), when compared to those exposed to hIAPP
which showed depolarisation of MMP (depicted by an in-
crease in population of JC-1 monomers that emit green
fluorescence) (Figure 4D; quantified in Figure. 4E); had
lesser DNA double strand breaks (measured by γ-H2AX
stained foci–an indicator of DNA damage and apoptosis)
when compared to hIAPP treated cells (Figure 4F); thereby
pointing towards a protective role of MYR. Indeed, hIAPP
treated cells stained positive with the amyloid specific
probe – Thioflavin S (Figure 4G); on the other hand, this
staining was significantly reduced in MYR supplemented
hIAPP exposed INS-1E cells. Control cells and MYR alone
treated cells did not show any significant staining for
both γ-H2AX (Figure 4F)- and Thioflavin S (Figure 4G).
Taken together, these results suggest that MYR protects
pancreatic β-cells from hIAPP-induced cytotoxicity by
decreasing oxidative stress, which, in turn, is associated
with reduced lipid peroxidation, DNA damage; and resto-
ration of the MMP.

MYRsupplementation rescues the functional
defects in hIAPP-exposed mouse pancreatic
islets

In addition to inducing cytotoxicity, the formation of
amyloidogenic aggregates of hIAPP in the pancreatic

β-cells has been associated with a loss in their function,
measured in terms of GSIS (Dubey et al. 2017). The iso-
lated pancreatic islets were exposed to hIAPP alone and
with MYR supplementation (1:5 M equivalents) for 24 h,
and response to glucose was measured. As can be seen
from Figure 4H, in the control islets, the amount of in-
sulin release increased significantly from
71.41 ± 6.96 μIU/ml under basal glucose conditions to
120.01 ± 8.94 μIU/ml under glucose-stimulated condi-
tions (p < 0.01; Figure 4H), thereby confirming the
functionality of our isolated islets. On the other hand,
hIAPP exposure to the isolated islets not only reduced
the insulin release in response to basal glucose, but also
affected the insulin release in response to stimulated
glucose. In line with our previous results, it was
observed that MYR supplementation restored the func-
tional defect in hIAPP-exposed islets and restored the
insulin secretion in response to basal and stimulates
glucose conditions. MYR alone, however, did not affect
the insulin release under basal and stimulated glucose
conditions and was similar to that of control islets.
Therefore, based on our biophysical and cellular results,
we can conclude that MYR inhibits the formation of
hIAPP toxic aggregates, mediates disaggregation of pre-
formed aggregates and thus restores the viability and
function of pancreatic β-cells.

Figure 3: MYR mediates protection from hIAPP-induced cytotoxicity in INS-1E cells. Results from
(A) MTT assay (N = 4), (B) LDH release assay (N = 3); and (C) Cellular proliferation capacity (N = 3) of hIAPP exposed INS-1E cells to measure the
potential of MYR to prevent hIAPP aggregation. (D) MTT assay (N = 3) performed with pre-formed hIAPP fibrils to measure the potential of MYR
to disaggregate preformed fibrils. (E) Quantitation of live, apoptotic and dead cells as assessed by the Annexin V-PI binding assay (N = 3). (F)
Representative histograms depicting cell cycle profiles of INS-1E cells exposed to different experimental conditions. (G) Quantitation of cells in
different phases of the cell cycle (N = 3). * p < 0.05, ** p < 0.01, ***p < 0.001.
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MYR binds to hIAPP fibril

To identify the possible binding sites of MYR on hIAPP,
three 350 ns long atomisticMD simulationswere performed
with the hIAPP1–37 pentameric fibril model and MYR at
molar ratio of 1:2 (hIAPP:MYR); and hIAPP1–37 alone
(i.e., apo-hIAPP1–37) as control (Figure 5B). The initial

ordered structure of pentameric fibril model seemed
significantly distorted after binding of MYR (Figure 5). The
planarity of the hIAPP1–37 pentameric fibril model was
monitored and it was noted that while apo-hIAPP showed
single population at 180°, MYR-bound hIAPP showed
additional populations at 30° and 120° (Figure 5G). We
identified four binding sites forMYR on hIAPP based on the

Figure 4: MYR mediates protection and restores dysfunction in pancreatic β-cells.
(A) Intracellular (measured using DCFH-DA; N = 4); and (B) mitochondrial reactive oxygen species (ROS) levels (measured using Mitosox Red;
N = 4) in INS-1E cells exposed to hIAPP alone and/or in the presence of different molar equivalents of MYR. (C) Lipid peroxidation measured in
terms of nmol of TBARs/mg protein (N = 5). (D) Representative histograms of JC-1 stained INS-1E cells exposed to different experimental
conditions. (E) Quantitation of JC-1-stained cells (N=3). (F) ReducedDNA damage (indicated by reduced γH2AX staining) inMYR supplemented
hIAPP-treated cells (N = 3). (G) Thioflavin-S staining to visualize amyloid aggregates in INS-1E cells exposed to the different experimental
conditions. (H) Results from glucose stimulated insulin secretion (GSIS) assay performed on isolated pancreatic islets exposed to hIAPP alone
and/or in the presence of MYR showed significantly different insulin secretion in the GSIS assay (N = 4). *p < 0.05, **p < 0.01, ***p < 0.001.
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contact frequency between MYR and hIAPP residues over
the last 50 ns of the simulation data (Figure S8) i.e. site-1
(“NNFGAILSS”) site-2 (“FLVHS”), site-3 (“NVGSNT”), and
the C-terminus Y37 (Figure 5). We observed that MYR in-
teracts with Y37 in all the three simulations, through aro-
matic π-π interaction (Figure 5F), in line with results
obtained from tyrosine fluorescence measurement experi-
ments. Thus, based on these results, it can be concluded
that MYR has a great tendency to interact mainly at the
C-terminus of the hIAPP1–37 pentameric fibril model, which
can be suggested as one of the core regions (amyloidogenic
fragment) of amyloid formation in case of hIAPP.

Discussion

Human islet amyloid polypeptide (hIAPP) is the major
component of the amyloid deposits found in the pancreatic

islets of type 2 diabetic patients and plays a crucial role in
the loss and dysfunction of insulin-secreting pancreatic
β-cells (Cao et al. 2013). Most lifestyle and therapeutic in-
terventions developed for the management of T2DM
currently aim at delaying the progression of diabetic
complications rather than reversing them (Chaudhury et al.
2017). Interestingly, there have been reports which indicate
that the process of hIAPP fibrillization starts much before
hyperglycemia sets in the system (Akter et al. 2016).
Therefore, targeting hIAPP aggregation by development of
molecules that inhibit amyloid formation hold a great po-
tential for the earlier management of T2DM, much before
than the disease actually sets in the system. In addition to
this, identification of molecules that disaggregate the pre-
formed fibrils would further aid in reversing β-cell
dysfunction and help in more effective disease manage-
ment. Along these lines, different classes of compounds

Figure 5: Binding distribution of MYR on hIAPP1–37 pentameric model.
(A) Shows the summary of the binding positions of MYR on hIAPP over the three simulations performed. (B) Simulation box showing hIAPP
pentamer (red) and the random positions of MYR in water (transparent grey). This was the starting configuration for all the three MYR bound
hIAPP simulations. Fourmajor binding siteswere observed in the panels (C), (D) and (E). The fourmajor binding sites ofMYR to hIAPPpentamer
(depicted in grey), in all the three independent simulations, are shown in orange, green, purple andblue colour. Panel (F) shows the interaction
of MYR with tyrosine residue (Y37) of hIAPP1–37 pentameric fibril model and the excerpt of this interaction is also shown in the inset. (G)
Distribution of the fibril twist angles from hIAPP and hIAPP:MYR simulations.
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have been identified that inhibit hIAPP fibrillization and
thus reduce hIAPP-induced cytotoxicity in pancreatic
β-cells (Brender et al. 2010; Cheng et al., 2012, 2013; He et al.
2013; Jiang et al. 2011).

Flavonoids and polyphenols form a major class of mol-
ecules (Patel et al. 2012) that are thought to interact with
amyloidogenic core regions via aromatic π-π interactions and
interfere with their self-assembly process thereby reducing
aggregate formation (Sgarbossa 2012). Several polyphenolic
compounds including EGCG, curcumin, resveratrol, ferulic
acid (FA), etc. have been tested for their anti-diabetic poten-
tial by targeting hIAPP aggregation (Pithadia et al. 2016;
Sciacca et al. 2018; Velander et al. 2016). Other polyphenolic
compounds like morin hydrate, silibinin and salvianolic acid
B were also studied as candidates that target hIAPP aggre-
gation (Cheng et al., 2012, 2013; Noor et al. 2012). Neverthe-
less,most of these studieswereperformed in vitrowherein the
mechanistic insights into the action of these inhibitors on
hIAPP fibrillization remained elusive. Previous studies from
our group identifiedAzadirachtin - a limonoid fromNeem - as
a potent inhibitor of hIAPP aggregation and were capable of
disaggregating preformed fibrils (Dubey et al. 2017). Other
studies also showed that EGCG and morin hydrate were also
capable of disaggregating preexisting hIAPP fibrils.

Myricetin, a natural flavonoid, has been previously
investigated for its hypoglycemic effect and hence has
been proposed as an anti-diabetic and anti-amyloidogenic
agent (Li and Ding 2012; Li et al. 2017) (Supplementary
Table S1). Several studies have shown varying results on its

potential to inhibit amyloid formation by Aβ peptide
(Akaishi et al. 2008; Ono et al. 2003). A recent study
showed that MYR potentially inhibits hIAPP aggregation
and protects PC12 cells from hIAPP-mediated cytotoxicity
(Zelus et al. 2012). In linewith these observations, our study
showed that MYR inhibited the formation of hIAPP aggre-
gates in vitro, wherein the process was associated with
changes in secondary structure (asmeasured by Far-UV CD
and FT-IR measurements). Once it was confirmed by bio-
physical methods, we set out to gain mechanistic insights
into process by which MYR mediates protection in
pancreatic β-cells. Our results show that MYR not only in-
hibits the process of hIAPP aggregation in vitro in a dose-
dependent manner; it also disaggregates the preformed
hIAPP fibrils. Indeed, this is the first study that shows that
MYR supplementation restores cellular viability in hIAPP
exposed pancreatic β-cells by reduction of mitochondrial
and cellular ROS levels; reduction in lipid peroxidation and
the associated membrane permeability; and restoration of
mitochondrial membrane potential (Figure 6). Indeed, re-
sults from Thio-S staining (in vivo) and AFM imaging (in
vitro) clearly indicated that MYR supplementation inhibi-
ted the formation of hIAPP aggregates and converted them
to amorphous off-pathway aggregates that are in turn non-
toxic to pancreatic β-cells. Similar observations have also
been reported earlier (Zelus et al. 2012). In addition to this,
MYR supplementation also restored the functional defect
in hIAPP-exposed pancreatic islets (as measure by GSIS
assays). These results are in line with the previous

Figure 6: Schematic representation of effect
of MYR on hIAPP fibrillization. hIAPP
aggregates in a nucleation dependent
pathway; wherein conversion of monomer
to amyloid fibrils takes place via the
formation of several intermediates. MYR
inhibits the process of hIAPP aggregation,
disaggregates pre-formed intracellular fi-
brils and in turn reduces ROS production,
DNA damage and leads to restoration of
mitochondrial membrane potential and in-
sulin secretion potential. These eventually
protect the pancreatic β-cells from under-
going apoptosis.
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investigations that showed the anti-diabetic potential of
MYR in rodent models of diabetes (Supplementary Ta-
ble S1), thereby supporting our observations.

Intermolecular stacking interactions between aro-
matic residues in amyloidogenic peptides like hIAPP
have been known to accelerate the self-assembly process
thereby providing directionality and an prominent ener-
getic contribution to the aggregation process (Gazit 2002;
Sgarbossa 2012). Thus, aromatic-aromatic, as well as,
aromatic-hydrophobic interactions have been proposed
to play a significant role in the formation of hIAPP am-
yloid aggregated (Akter et al. 2016; Stanković et al. 2020;
Tu and Raleigh 2013). Along these lines, the segments 8–
20, 10–19, 20–29, and 30–37 have been identified as the
amyloidogenic segments in hIAPP (Akter et al. 2016). In
addition to this, aromatic amino acids – F15, F23 and Y37
have been shown to affect the aggregation process
(Padrick and Miranker 2001) . Even though, a few earlier
studies have hinted that hIAPP18–20 oligomerisation starts
from hexamers (Sun et al. 2010), the solid-state NMR
derived pentameric structural model of hIAPP fibrils was
used in the current study. This high-resolution structural
model was best suited model used in all previous studies
related to MD simulation of hIAPP fibrils. Moreover, no
PDB ID was available for the hexameric model (as on
August 2020).

Our MD data shows that MYR has tendency to bind at
the amyloidogenic core region of the pentameric fibril
model. This is consistent with our biophysical and cellular
results. Based on the results obtained from biophysical,
cellular and MD studies, we propose that interactions be-
tween MYR and F23 and the C-terminal Y37 residues of
hIAPP might possibly block hIAPP oligomerization by
interrupting the aromatic interactions during hIAPP self-
assembly and thus converts them into off-pathway non-
toxic aggregates. Additionally, MYR interaction with the
pentameric fibril model appeared to twist the fibril axis.
Such twists may disrupt the fibril growth and lead to off-
pathway oligomers. A previous report from our lab have
also identified Azadirachtin to mediate inhibition of hIAPP
aggregation by interacting with amyloidogenic core region
of hIAPP (Dubey et al. 2019).

In summary, we investigated the anti-amyloidogenic
and anti-diabetic potential of MYR by targeting hIAPP ag-
gregation pathway using a battery of biophysical, cellular
and MD simulation studies. Our results show that MYR not
only inhibits hIAPP aggregation, but also disaggregates
pre-formed fibrils and protects pancreatic β-cells from
hIAPP mediated cytotoxicity. MYR supplementation not
only resulted in the reduction of both mitochondrial and
intracellular ROS species, which in turn led to restoration

of DNA damage, membrane damage, loss of MMP in hIAPP
exposed β-cells; but also the functional defect by restora-
tion of GSIS from pancreatic islets. Overall, our results
suggest the MYR or its derivatives can be used for the
effective management of T2DM and other amyloidogenic
disorders.

Materials and methods

Materials

Synthetic hIAPP peptide (hIAPP) was purchased from Peptide 2.0
(Chantilly, VA). MYR, Resveratrol, dimethyl sulfoxide (DMSO),
glucose solution (2.5 M), thiazolyl blue tetrazolium bromide (MTT),
NaCl, bovine serum albumin (BSA), glycerol, methanol, tween-20,
triton-X 100, propidium iodide (PI), Thioflavin S, and ANS were pur-
chased from Sigma (St. Louis, MO, USA). Hexaflouroisopropanol
(HFIP), ThT and lactate dehydrogenase kit were obtained from
Himedia. Rabbit polyclonal anti-γH2AX antibodies were purchased
from Abcam (Cambridge, UK). Goat anti-rabbit IgG were purchased
from Novex. Nitrocellulose membrane was purchased from Biorad.
Roswell Park Memorial Institute medium (RPMI-1640), 0.25% trypsin-
EDTA solution, fetal bovine serum (FBS), Penicillin-streptomycin so-
lution, phosphate buffered saline (PBS), 2′,7′-dichlorodihydro-
fluorescein diacetate (DCFHDA), MitoSOX Red, JC1 dye, and Annexin
V/Dead cell apoptosis assay kit were purchased from Life Technolo-
gies (Carlsbad, CA). Mouse Insulin ELISA kit was purchased from
Calbiotech. All other chemicalswere of the highest grade available. All
tissue culture ware was purchased from Corning. Chamber slides were
purchased from Himedia.

Preparation of hIAPP, MYR and resveratrol

The lyophilized hIAPP peptide (Figure S1A) was dissolved in 100%
hexaflouroisopropanol (HFIP) at 1 mM concentration, centrifuged to
avoid the presence of any pre-formed aggregates and diluted with
phosphate buffer (pH 7.4) to investigate its fibril and amyloid forma-
tion properties. Fresh solutions were prepared for each experiment.
The stock solution of MYR (Figure S1B) was prepared by dissolving in
water-DMSO (9:1) at room temperature, filtered through 0.2 μm to get
clear solution and stored at 4 °C until further use. Resveratrol was
prepared by dissolving in DMSO at room temperature and stored at 4 °
C until further use.

Thioflavin T (ThT) fluorescence assay

The kinetics of fibril formation was monitored by the increase in fluo-
rescence intensity of amyloid specific dye ThT (Biancalana and Koide
2010). Briefly, 20 μM of hIAPP peptide diluted in 10 mM phosphate
buffer (20mMNaH2PO4, 100mMNaCl, 0.01%NaN3 pH = 7.4) alone and
in combination with different molar equivalents of MYR (hIA-
PP:MYR = 1:0.5, 1:1 and 1:5), and were incubated for increasing time
intervals. Post-incubation, the samples were mixed with 5 μl of 1 mM
ThT and incubated at room temperature for 30 min. The fluorescence
spectrawere recordedbyexciting the samples at 450nmandmeasuring
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the emission spectra in the range of 460–500 nm on a spectrofluorim-
eter (Hitachi F-2500, Japan). The excitation and emission slit widths
were kept at 5 nm. The emission values at 482 nm were plotted against
increasing incubation time to study the kinetics of aggregation. Like-
wise, the disaggregation experiments were performed with 20 μM pre-
formed hIAPP fibrils alone and in combination with different molar
equivalents of MYR (hIAPP:MYR = 1:1, 1:5 and 1:10) for 12 h. The emis-
sion values at 482 nm thus obtained were plotted against the different
experimental conditions used. Likewise, experiments were recorded
with resveratrol which was used as a positive control.

ANS (8-anilinonaphthalene-1-sulfonate) fluorescence
assay

In order to measure the changes in hydrophobicity, ANS fluorescence
assay was performed. Briefly, 20 μM peptide sample [diluted in 10 mM
phosphate buffer (pH 7.4)] alone and in combination with different
molar equivalents of MYR (hIAPP:MYR = 1:1, 1:5 and 1:10) were incu-
bated for 12 h. Post-incubation, the samples were mixed with 3 μl of
5 mM ANS dye and were further incubated at room temperature for
15 min in dark. The samples were excited at 370 nm and the emission
spectra were recorded for 400–600 nm using a spectrofluorimeter
(Hitachi F-2500, Japan). The excitation and emission slit widths were
kept at 3 nm. Similar procedure was carried out for disaggregation
study performed with 20 μM preformed hIAPP fibrils in presence of
above mentioned molar equivalents of MYR for 12 h. The ANS fluo-
rescence at 490 nm was plotted against the different experimental
condition used.

Intrinsic tyrosine intrinsic fluorescence assay

To investigate the changes in the microenvironment around the aro-
matic residue–Y37, intrinsic tyrosine based fluorescence spectroscopy
analysis was carried out. Briefly, 20 µM of diluted hIAPP peptide was
incubatedwith differentmolar equivalents ofMYR for 12 h at 37 °C. The
samples were excited at 280 nm and the emission spectra were
recorded for 290–400 nm using a spectrofluorimeter (Hitachi F-2500,
Japan). The disaggregation of preformed hIAPP fibrils in presence of
differentmolar equivalents of MYR (hIAPP:MYR 1:1, 1:5 and 1:10) were
also performed in a similar manner.

Atomic force microscopy (AFM)

To visualise the effect ofMYR supplementation onhIAPP fibrillization,
AFMwas performed (AsylumResearch, CA, USA). Briefly, 40–50 µMof
the diluted hIAPP peptide alone and in combination with different
molar equivalents of MYR (hIAPP:MYR = 1:1 and 1:5) were incubation
at 37 °C for 48 h. The samples were deposited on to freshly cleaved
mica sheets, air-dried; washed twice with double distilled water; and
were kept for drying at room temperature for around 40min. Scanning
was performed in tapping mode using Silicon nitride cantilever at a
scan rate of 1 Hz. Random portions of the mica sheet were scanned to
get desired images as well as to see the uniformity of the sample
application. For the disaggregation study, the preformed fibrils were
incubatedwith increasingmolar equivalents ofMYR (hIAPP:MYR= 1:5

and 1:10) for 1 h and the morphology of the fibrils was visualised as
describe above.

Circular dichroism (CD) spectroscopy

Far-UV CD measurements were performed on a JASCO J-810 spec-
tropolarimeter (JASCO, Japan) using a 0.1 cm path length cuvette
(Hellma, Forest Hills, NY). Briefly, 20 µM samples of diluted hIAPP
peptide alone and in presence of different molar equivalents of MYR
(hIAPP:MYR = 1:1 and 1:5) were prepared and far-UV CD measure-
ments were carried out. Likewise, the preformed hIAPP fibrils were
incubated with MYR (hIAPP:MYR = 1:5 and 1:10) in 10 mM phosphate
buffer (pH 7.4) and CD spectroscopy was carried out. All measure-
ments were performed at 25 °C. Raw data were smoothened and
measurements from the bufferwere subtracted from that of the protein
samples. The CD spectra have been represented as a plot of molar
ellipticity (θ) in deg cm2 dmol−1 versus the wavelength. The secondary
structure propensities obtained from the data were calculated using
Jasco manager ver. 2.

Fourier transforms infrared (FTIR) spectroscopy

In order to measure the changes in the secondary structure of hIAPP
in presence of MYR, FTIR spectroscopy was carried out. Briefly,
20 µM hIAPP peptide samples alone or in the presence of different
molar equivalents (hIAPP:MYR = 1:1 and 1:5) were incubated for
12 h; spotted on potassium bromide (KBr) pellet; and dried imme-
diately under IR lamp. The background spectra were recorded by
spotting 10 μl buffer on the KBr pellet. Spectra in the region of 1600–
1800 cm−1 were acquired as an average spectrum of 32 scans using a
Vertex-80 FTIR system (Bruker, Germany). The spectra were sub-
jected to Fourier self-deconvolution (FSD) of amide I region (1600–
1700 cm−1), followed by Lorentzian curve fitting using Opus 65
software (Bruker, Germany).

Cell culture

INS-1E cells, obtained as a kind gift from Prof. Claes Wollheim and
Prof. Pierre Machler (University of Geneva Medical Center,
Switzerland), between passages 56 and 65 were used for the study.
Cells were grown in monolayer cultures in a humidified 5% CO2 at-
mosphere at 37 °C in RPMI 1640 media (Life Technologies) supple-
mentedwith 10mMHEPES, 1mMpyruvate, 50 μM2-mercaptoethanol,
10% (v/v) heat inactivated FBS, 100 units/ml penicillin and 100 μg/ml
streptomycin (Merglen et al. 2004).

Cellular viability assays

The effect of hIAPP exposure on cellular viability in INS-1E cells at 24 h
was investigated using the MTT assay and the Lactate Dehydrogenase
(LDH) release assay (Himedia), as described earlier (Dubey et al. 2019).
Untreated wells containing only cells in culture media and those
treated with PBS were evaluated as controls. The reduction in cell
viability as measured by theMTT assay was expressed as a percentage
for each condition relative to control set (set at 100%). On the other
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hand, results from the LDH release assaywere expressed in terms of%
cytotoxicity as per the formula below:

% Cytotoxicity � Treated LDH  activity − Spontaneous LDH  activity
Maximum LDH  activity − Spontaneous LDH  activity

× 100

Apoptosis assay and cell cycle analysis

Flow cytometry was performed using the Annexin V-FITC apoptosis
detection kit (Invitrogen, USA) for estimation of apoptotic and dead
populations as described (Dubey et al. 2019). Cell cycle analysis was
carried out by flow cytometry as described (Dubey et al. 2017). Ten
thousand cells were analyzed for each sample. Unstained cells
(without Annexin-V-FITC and PI) were used as a control and single
stained cells (Annexin V-FITC or PI positive) were used for fluores-
cence compensation. Samples were acquired on Attune NxT flow cy-
tometer (ThermoFisher Scientific) and analyzed using Attune NxT
Flow Cytometer Software (ThermoFisher Scientific).

Reactive oxygen species (ROS) measurement

ROS levels were assessed by incubating INS-1E cells with either
DCF-DA (10 μmol) or MitoSox (5 μmol) for 30 min at 37 °C (Dubey et al.
2019). The data was normalized with respect to the number of viable
cells (as determined by the MTT assay).

Lipid peroxidation

Lipid peroxidation was determined in INS-1E cells as describe earlier
(Dubey et al. 2019). Tetramethoxy propane was used as a standard.
Fluorescence was measured at excitation 485 nm and emission
535 nm. The amount of proteinwas quantitated using BCA reagent and
the results were expressed as nmol TBARS/mg protein.

Immunofluorescence

INS-1E cells were grown on cover slips in 6-well plates, treated with
5 µM hIAPP, 25 µM MYR (5 M equivalents) and the 1:5 combination
mixture of hIAPP:MYR (5 µM:25 µM) for another 24 h. Post-incubation,
the cells were fixed and stained with Thioflavin S and γH2AX. The
coverslips were mounted onto slides with Vectashield antifade
mountant containing DAPI (Vector Laboratories). Imaging was per-
formed on a fluorescent microscope (Leica DM3000 LED) and the
images were processed using Application Suite X (Leica).

Mitochondrial membrane potential (MMP) measurement

MMP was assessed in INS-1E cells using JC-1 dye (ThermoFisher Sci-
entific) as described (Dubey et al. 2019). JC-1 stained cells were ac-
quired using Attune NxT flow cytometer (ThermoFisher Scientific) and
analyzed using Attune NxT Flow Cytometer Software (ThermoFisher
Scientific). An increased ratio of J-monomers (emit green fluorescence
at 490 nm in depolarized mitochondria) and a shift in the green
fluorescence indicates mitochondrial damage.

Pancreatic islets isolation and glucose-stimulated
insulin secretion (GSIS) assay

Eight to 10-week-old CD1 mice housed in polypropylene cages at
25 ± 2 °C under a standard 12 h light/dark cycle andwere providedwith
animal feed and water ad libitum. Research was conducted in accor-
dance with the guidelines of the Committee for the purpose of Control
and Supervision of Experiments on Animals (CPCSEA) and the study
protocol was approved by the Institutional Animal Ethics Committee
(IAEC) at IISER-Pune, Pune constituted as per the guidelines provided
by the Committee for the purpose of control and supervision of ex-
periments on animals (CPCSEA), Government of India.

Pancreatic islets were isolated from these mice as described
(Dubey et al. 2017). The isolated islets were treated with freshly soni-
cated hIAPP fibrils in the presence/absence of different molar equiv-
alents of MYR for 24 h. Following this incubation, GSIS assay was
performed to access the functionality of islets as described (Dubey
et al. 2017) using Mouse insulin ELISA kit (Calbiotech). GSIS was
expressed as the fold increase in insulin secretion under stimulated
conditions–calculated by taking the ratio of insulin secreted under
stimulated glucose conditions to insulin secreted under basal glucose
conditions.

Molecular dynamics (MD) simulation

Co-ordinates of the hIAPP1–37 pentameric fibril model were provided
as a kind gift from Prof. R. Tycko (NIH, USA). To generate generalized
amber forcefield parameters for MYR, geometry of MYRwas optimized
using Gaussian 03 package (Frisch et al. 2009) with HF/6–31g* basis
set (Coulson 1938; Ochterski et al. 1996; Petersson et al. 1988) followed
by calculation of mulliken population analysis using HF/6–31g* basis
set (Besler et al. 1990; Singh and Kollman 1984). Ambertools12 was
used to generate theGAFF forcefield parameterswhichwere converted
to GROMACS compatible format using amb2gmx.pl script. All simu-
lations were performed with GROMACS4.6 package and amber99sb
forcefield (Berendsen et al. 1995; Lee et al. 2016; Van Der Spoel et al.
2005) was used for hIAPP. hIAPP was placed in a dodecahedron box
with 1 nmdistance between the protein and the boxwalls. Two protein
systems were simulated; apo hIAPP, and hIAPP with MYR at 1:2 ratio
(hIAPP:MYR= 1:2). For hIAPP:MYR,fiveMYRmoleculeswere placed at
random positions. Both the simulation systems were solvated with
TIP3P (Mahoney and Jorgensen 2000) water and neutralized using
Na+–Cl− ions. The entire system was energy minimized followed by
temperature and pressure equilibration as per the protocol described
elsewhere (Dantu et al. 2017). Three independent production run
simulations were performed, each 350 ns long to collect data at 40 ps
intervals for data analysis. Simulation data was analysed using
GROMACS tools, in-house python scripts and residue contacts were
analysed using g_contacts tool (Blau and Grubmuller 2013).

Statistical analysis

All results have been presented as mean ± SEM. Statistical analysis
was performed by one-way ANOVA and Tukey HSD post hoc test; a
value of p < 0.05 was considered to be a significant difference between
groups.
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