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yanidins inhibit insulin fibrillation
by forming unstructured and off-pathway
aggregates†

Shaohuang Chen,‡a Huiting Yin,‡a Lei Zhang,a Rui Liu,*b Wei Qi,a Zhimin Hea

and Rongxin Su *ac

b-sheet-rich amyloid fibril or aggregate accumulation has been implicated in a number of human diseases.

Numerous studies demonstrate that natural polyphenols decrease the risk of degenerative diseases and

inhibit in vitro amyloid formation. However, the molecular mechanism for the anti-amyloidogenesis of

polyphenols is still unclear. Thus, this study investigates the effects of oligomeric procyanidins (OPCs),

resveratrol, and trehalose on the amyloidogenicity of insulin via thioflavin-T (ThT) fluorescence, dynamic

light scattering (DLS), circular dichroism (CD), and transmission electronic microscopy (TEM). The results

demonstrate that the order of inhibitory effects on insulin amyloid fibrillation is OPCs > resveratrol >

trehalose, suggesting that the polyphenolic structure is important for fibril deposition. OPCs show potent

inhibitory effects at all stages of insulin fibrillation and redirect the insulin aggregation pathway via the

formation of unstructured, off-pathway aggregates. These findings contribute to the development of

novel anti-amyloidogenic products from naturally occurring materials.
Introduction

Amyloids are insoluble brous protein aggregates and have
been found to be associated with many diseases, including
Alzheimer's disease,1,2 Parkinson's disease,1 and type II dia-
betes.3 These brils, despite the unrelated amino acid
sequences of their native proteins, display similar ultrastruc-
tures and identical tinctorial properties including elongated,
unbranched brils with enriched highly ordered b-sheet
conformation, uorescence upon binding to thioavin T, and
characteristic gold-green birefringence of congo red.4,5

Increasing evidences have suggested that amyloid brils or,
more probably, oligomeric pre-amyloid aggregates of specic
amyloid proteins are cytotoxic because they can induce
membrane damage, endoplasmic reticulum stress, and reactive
oxygen species (ROS).6–8 Undoubtedly, preventing the formation
of cytotoxic amyloid brils, especially the most toxic oligomers,
as well as a mechanistic understanding of the inhibition
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processes are of clinical importance and have therapeutic
implications.9

Insulin, which has a clear tendency to form amyloid-like
brils, is considered a desirable model system for studying
protein aggregation and brillation.10,11 It has been reported
that localized amyloidosis is associated with repeated insulin
injections.12,13 Patients with Parkinson's disease symptoms have
been found to show autoimmune reaction toward insulin olig-
omers and brils, giving evidence to the involvement of insulin
aggregates in neurodegenerative disease.14–16 Moreover, insulin
brils can be formed in vitro under certain destabilizing
conditions, including evaluated temperature, low pH, and
increased ionic strength, which has been a formidable chal-
lenge to long-distance shipping and long-term storage of
insulin.17,18

Small-molecule inhibitors have been widely investigated to
inhibit protein amyloid, such as b-cyclodextrin,19 phenolic
compounds,20,21 and molecular tweezer.22 Several studies have
suggested that polyphenolic compounds reduce the risk of
several degenerative diseases and exhibit in vitro inhibitory
effects on amyloid formation, such as curcuminoids, resvera-
trol, catechin, (�)-epigallocatechin-3-gallate (EGCG) and soy
isoavones.21,23,24 The structural properties of polyphenols
contribute to their anti-amyloidogenic activities, such that
aromatic rings bearing at least three OH groups have been
proposed as a key feature of efficient polyphenol inhibitors to
enable interactions with amyloid proteins.25 The specic
structure of polyphenols is critical in modulating protein
aggregation pathways, whereas the detailed action mechanism
© 2021 The Author(s). Published by the Royal Society of Chemistry
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of such compounds and their mode of interaction with their
targets are unknown, which is still a subject in need of further
research.26

Procyanidins are natural phenolics from grape seeds, fruits,
and vegetables, and possess remarkable therapeutic activities,
including anti-amyloidogenic and antioxidant/free radical
scavenging.27 Bieschke28 indicated that commercially available
grape seed procyanidin, MegaNatural-AZ, exerts signicant
inhibitory effects on the self-assembly of amyloid b protein and
cytotoxicity. However, the inhibitory mechanisms of procyani-
dins against amyloidogenesis and its structure–activity rela-
tionship is still obscure. In addition, the physical, chemical,
and biological features of procyanidins depend largely on their
structure and degree of polymerization. Llópiz et al.29 showed
that grape seed procyanidins are more effective than the cor-
responding individual monomers at preventing Fao cells from
oxidative stress. The oxidation-inhibiting power of polymerized
oligomers is much stronger than that of monomers.30

Therefore, in this work, we investigated the mechanism by
which antioxidative oligomeric procyanidins (OPCs, Fig. 1)
affect the aggregation and brillation of bovine insulin upon
heating at 60 �C to identify the pathway and complexes
involved. Our results showed that OPCs exhibited potent
inhibitory effects at all stages of insulin brillation compared
with resveratrol and trehalose.
Experimental
Materials

Bovine insulin (MW 5800 Da), Thioavin T (ThT), and trehalose
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Grape
seed-derived oligomeric procyanidins (OPCs, 95% pure) and
polygonum cuspidatum-derived resveratrol (98% pure) were
Fig. 1 Chemical structures of OPCs, resveratrol, and trehalose.

© 2021 The Author(s). Published by the Royal Society of Chemistry
generously provided by Tianjin Jianfeng Natural Product R&D
Co., Ltd (Tianjin, China). The molecular weight of epicatechin/
epicatechin dimer, 578.14, the most abundant form of oligomer
in grapeseed-derived polyphenols, was used to calculate the
molarity of OPCs. All other reagents and chemicals were of
analytical or HPLC grade. Water was produced using a Milli-Q
system (Millipore Corp., Bedford, MA, USA).
Heat-induced insulin amyloid formation

Bovine insulin was diluted and dissolved in 20% acetic acid
(HAc) in the presence and absence of 100 mM NaCl to a nal
concentration of 2 mg mL�1. Stocks of OPCs (10 mM) and
trehalose (10 mM) were prepared in ultrapure water. A stock of
resveratrol (10 mM) was prepared in EtOH. Insulin solution was
incubated at 60 �C with different molar amounts of freshly
prepared OPCs, resveratrol, and trehalose for amyloid forma-
tion. The solutions were aliquoted at designated time intervals
for further analysis. Fibrillar insulin aggregates were grown for
105 h and 210 min in the absence and presence of 100 mM
NaCl, respectively.
Thioavin T (ThT) uorescence assay

Approximately 20 mMThT solution was prepared in 20mMTris–
HCl buffer (pH 7.2). The solution was stored at 4 �C and pro-
tected from light to prevent quenching prior to use. Insulin
samples (10 mL aliquots) were immediately mixed with 3 mL
ThT solution, shaken vigorously at 3000 rpm for 30 s using a OL-
861 vortex shaker (Haimen Kylin-Bell Lab Instruments Co., Ltd,
China), and then allowed to bind to ThT for 2min. The resulting
ThT uorescence was measured to detect amyloid formation.
Experiments were performed on a SpectraMax M2 uorometer
at an excitation wavelength of 450 nm and an emission wave-
length of 480 nm (475 nm cutoff). The uorescence intensity of
the ThT solution as a control was subtracted from the uores-
cence intensity of protein samples. Error bars (�s.d.) of decuple
samples are shown for selected data points.
Curve-tting program

Aggregation kinetics in the initial stage of amyloid-like bril
formation was obtained by monitoring changes in ThT uo-
rescence intensity. The following formula was used to t the
kinetic curves, as described by Nielsen et al.,31

Y ¼ Y0 + mit + (Ymax � Y0 + mft)/[1 + exp � (t � t50) k] (1)

where Y is dened as the uorescence intensity, t50 is the time
when uorescence intensity is half of Ymax, andmi,mf, and k are
curve the constants. mi and mf are set to 0 to keep the tting
lines horizontal. Therefore, the equation is simplied to:

Y ¼ Y0 + (Ymax � Y0)/[1 + exp � (t � t50) k] (2)

As a result, lag time is dened as t50 �2/k, and growth rate is
determined by line tting to the pseudo-linear segment of the
ascending portion of the uorescence progress curve.
RSC Adv., 2021, 11, 37290–37298 | 37291
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Dynamic light scattering (DLS)

DLS measurements were performed using a Zetasizer Nano ZS
system (Malvern Instruments Ltd, Worcestershire, UK) equip-
ped with a 4 mV He–Ne laser (l ¼ 633 nm). Light scattering was
monitored at a 173� angle and temperature of the sample holder
was controlled at 25 �C. Insulin solutions were carefully ltered
through a 0.45 mm membrane directly into disposable poly-
styrene cuvettes. Particle size distribution of species in the
insulin sample was obtained within 5 min via DLS
measurements.
Circular dichroism (CD) spectroscopy

Far-UV CD spectra were recorded at 25 �C under a constant ow
of N2 using a JASCO-810 spectropolarimeter. Data were recorded
from 250 nm to 200 nm with a 0.2 mm path length. Bovine
insulin was dissolved in 20% (w/w) HAc containing 100 mM
NaCl to a nal concentration of 2 mg mL�1. A background CD
spectrum of HAc–NaCl solution was subtracted from the sample
spectra for baseline correction. The spectra were recorded at
time intervals indicated with a scanning speed of 50 nm min�1,
a response time of 1 s, and a bandwidth of 2 nm. Each result is
given as the average of three measurements.
Transmission electron microscopy (TEM)

TEM was performed as previously described.32 Briey, 5 mL
sample was adsorbed to a 300-mesh carbon-coated copper grid
(Beijing, China) and negatively stained with 2% fresh prepared
phosphotungstic acid solution for 2 min. The samples were air-
dried and observed under a transmission microscope (JEOL
Inc., Tokyo, Japan) operating at an acceleration of 100 kV. TEM
images were acquired with a scale bar of 0.2 mm.
Statistical analysis

Unless specied otherwise, three independent trials were per-
formed, using a new batch of sample preparation. Values are
presented as the arithmetic means � SD. The statistical
signicance of the difference between two samples was evalu-
ated via a Student's t-test, and differences were considered
signicant when p < 0.05. Data were processed using the Sig-
maPlot soware.
Results and discussion
Kinetics of amyloid formation by ThT uorescence and DLS

The kinetics of the amyloid formation of bovine insulin in the
presence of different molar concentrations of freshly prepared
OPCs, resveratrol, and trehalose were monitored via ThT uo-
rescence assays. Fig. 2 shows the kinetics of bovine insulin
aggregation in the absence of 100 mM NaCl. Insulin aggrega-
tion increased with increased incubation time. The ThT-
binding assay and the following DLS data suggest that insulin
readily formed amyloid brils for 105 h at a growth rate of 34.8
� 0.6 h�1 and provided strong ThT emissions with a lag time of
43.2 � 7.9 h (Fig. 2 and 3; Table S1†).
37292 | RSC Adv., 2021, 11, 37290–37298
All lag times, growth rate, and maximum uorescence
intensities in the presence of OPCs were signicantly altered.
Lag time increased from 43.2 � 7.9 to 67.0 � 2.0 h (p < 0.05;
Table S1†), growth rate decreased from 34.8 � 0.6 to 3.9 � 0.1
h�1 (p < 0.05; Table S1†), and the intensity of ThT emission also
greatly decreased by >75% when 100 mM OPCs was added. A
stronger inhibition on insulin amyloid formation was observed
when the ThT intensities decreased to nearly 0 when molar
concentration was increased further to 500 mM and 1 mM. Lag
times and growth rates cannot be calculated because the small
ThT intensity data cannot get a good t with the kinetic equa-
tion. This result indicates that OPCs (500 mM and 1 mM) almost
completely suppressed the brillation of insulin. Similar dose-
dependent results were found when resveratrol was added.
Although lag time was not signicantly changed, the growth
rate and ThT intensity decreased nevertheless with increasing
molar concentration. Growth rate and ThT intensity slightly
decreased by 14% and 10%, respectively, in the presence of 100
mM of resveratrol. Meanwhile, growth rates and ThT intensities
dropped by nearly half of those with insulin alone when 500 mM
and 1 mM resveratrol was added. Different from OPCs and
resveratrol, no evident inhibitory effect on insulin amyloid
brillation was observed for trehalose, either at low or at high
molar concentrations. Trehalose has been previously reported
to stabilize proteins by inuencing the protein hydration;33

however, it reduces the conformational uctuations of proteins.
Therefore, OPCs showed potent inhibitory effects at all stages of
insulin brillation compared with resveratrol and trehalose.
The order of inhibitory effect was OPCs > resveratrol > trehalose
(Fig. 2D). These observations are in fairly good agreement with
the DLS data (Fig. 3).

The particle size distributions of insulin aggregates in the
presence of 1 mM OPCs, resveratrol, and trehalose were deter-
mined through DLS experiments. Two aggregate peaks with
well-separated hydrodynamic diameters (dH) of 65 nm and
350 nm were detected aer 105 h of incubation without the
addition of any compound (Fig. 3A). By contrast, the presence of
OPCs signicantly inhibited this process, at which only smaller
particles (dH ¼ 15 nm and 200 nm) were found aer incubation
for 105 h (Fig. 3B). Meanwhile, resveratrol and trehalose failed
to show an apparent inhibitory effect on protobrils, with large
particles observed at a similar size to that of insulin alone
(Fig. 3C and D). This result indicates that resveratrol may reduce
the amount of insulinmature brils, which agrees with the TEM
results.

Approximately 100 mM NaCl was added into the incubation
solution to further evaluate the effects of OPCs, resveratrol, and
trehalose on insulin aggregation. Fig. 4 shows the kinetics of
bovine insulin aggregation in the presence of 100mMNaCl. The
ThT-binding assay and the following CD data suggest that
insulin readily formed typical b-sheet brils and exhibited
strong ThT emissions with a lag time of 59.1 � 5.7 min (Fig. 4
and 5; Table S2†). OPCs, resveratrol, and trehalose in the
presence of 100 mM NaCl showed dose-dependent manners
similar to those in the absence of 100 mM NaCl; however, lag
times were signicantly decreased (Fig. 2 and 4; Tables S1 and
S2†), indicating that insulin aggregation was greatly promoted
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 ThT fluorescence intensity of bovine insulin in the absence of 100 mM NaCl with different molar amounts of (A) OPCs, (B) resveratrol, (C)
trehalose. (D) Order of the inhibitory effect of OPCs, resveratrol, and trehalose.

Fig. 3 DLS analysis of insulin in the absence of 100 mM NaCl, with
different compounds (1 mM): (A) insulin alone, (B) OPCs, (C) resvera-
trol, and (D) trehalose.
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by the addition of salts. As a result, the lag time and growth rate
in the presence of 1 mM OPCs were calculated as 119.0 �
1.1 min and 2.7 � 0.1 min�1, respectively. The order of
© 2021 The Author(s). Published by the Royal Society of Chemistry
inhibitory effect was also OPCs > resveratrol > trehalose, in the
presence of 100 mM NaCl (Fig. 4D). Both the growth rates and
ThT intensities were reduced by more than half, compared with
those of insulin alone, via the addition of 500 mM and 1 mM
resveratrol. However, lag times remained almost unchanged (p
< 0.05). Insulin aggregation was slightly accelerated, with the lag
time decreasing from 59.1 � 5.7 min to 33.3 � 8.4 (p < 0.05) and
41.9 min � 8.6 min, when 100 mM and 1 mM trehalose were
added.
Secondary structural changes of insulin aggregates by CD

The secondary structural changes of insulin aggregates alone or
in the presence of 1 mM OPCs, resveratrol, and trehalose were
characterized using far-UV CD spectra, as shown in Fig. 5.
Consistent with the results in our previous paper,34 the CD
spectrum of insulin was characterized by a predominant a-
helical structure at the beginning of incubation. The spectra for
insulin aggregates exhibited a signicant dip at 223 nm aer
150 min incubation, indicating a conformational transition
from an a-helical structure to a b-strand-rich structure. Heating
for 0 min to 150 min led to remarkable increases in the
magnitude of CD signals at approximately 208 and 223 nm,
suggesting the formation of more ordered structures.

The secondary structure contents of insulin aggregates alone
or in the presence of 1 mM OPCs, resveratrol, and trehalose
shown in Table S3† are predicted using the BestSel server,
which is an online analysis program provided by Micsonai
RSC Adv., 2021, 11, 37290–37298 | 37293
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Fig. 4 ThT fluorescence intensity of insulin in the presence of 100 mM NaCl, with different molar amounts of (A) OPCs, (B) resveratrol, (C)
trehalose. (D) Order of inhibitory effect of OPCs, resveratrol, and trehalose.
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et al.35 The addition of 1 mM OPCs exhibited a good inhibitory
effect on insulin aggregation aer 60 min of incubation with
low b-strand content, whereas resveratrol and trehalose showed
a weak ability to prevent the a-helix structure of insulin from
transforming to b-strand. This result is consistent with the
analysis of ThT uorescence.

Furthermore, CD spectra of insulin in the absence of NaCl
was reported in our previous work.34 We compared the
secondary structure of insulin in the absence of NaCl (45 h) with
that of insulin with NaCl (60 min). As shown in Table S4,† the
insulin sample with NaCl shows slight decrease in a-helix
content and increase in other structure contents; the estimated
contents of b-strand and turn of insulin with NaCl are similar to
those of insulin in the absence of salts. The secondary structure
evolution of b-strand and turn contents is consistent with the
results of insulin at high (60 �C) and low (4 �C) temperature
reported by Hua et al.36 Overall, the addition of NaCl exhibits
lower effect on secondary structure of insulin than temperature.
Morphological features of insulin aggregates by TEM

Insulin aggregates formed upon heating in the absence and
presence of freshly prepared OPCs, resveratrol, and trehalose
were observed via TEM. The morphological features of insulin
samples at the lag, growth, and mature phases were clearly
different (Fig. 6A–D). Insulin aggregates showed extensive long
linear amyloid brils with a typical morphology of insulin
37294 | RSC Adv., 2021, 11, 37290–37298
deposit in the mature phase. By strong contrast, co-incubation
with OPCs inhibited the formation of insulin brils, with mostly
spherical aggregates and amorphous structures observed at the
early lag phase (30 h, without 100 mM NaCl), suggesting the
inhibitory effect of OPCs on the nucleation stage (Fig. 6E). These
unstructured aggregates then resolved into insulin oligomers at
the middle lag phase (80 h, without 100 mM NaCl), and grew to
larger oligomers or protobrils at the late lag phase (60 min,
100 mM NaCl). Finally, amyloid brils were formed aer
180 min of incubation in the presence of 100 mM NaCl. The
presence of resveratrol showed no obvious effect on the
morphology of insulin amyloids, with only a small amount of
lineal amyloid brils (Fig. 6I–L). With respect to trehalose,
typical brils were predominantly found stacked together as
lager bundles, compared with those of insulin alone (Fig. 6P).
The mechanisms of inhibiting insulin amyloid brillation

The present study revealed that OPCs from grape seeds is
a potent inhibitor of insulin brillogenesis in vitro. Compared
with resveratrol and trehalose, OPCs interfered early into the
amyloid formation pathway and suppressed the conversion of
insulin monomers into stable, on-pathway amyloidogenic
structures, which are a prerequisite for nucleation-dependent
amyloid bril assembly. The spherical assemblies were
observed at the early lag phase of insulin brillation (Fig. 6E).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Far-UV CD spectra of insulin in the presence of 100 mM NaCl, with different compounds (1 mM): (A) insulin alone, (B) OPCs, (C)
resveratrol, and (D) trehalose.
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The mechanism by which OPCs inhibit insulin amyloid
brillation is currently unclear. Previous investigations
demonstrated that the formation of ordered b-sheet structures
is predominantly a consequence of the formation of highly
directional interchain hydrogen bonds,37 indicating that the
inhibition of insulin amyloidogenic aggregates are caused by
steric interference in b-sheet interactions.

From the viewpoint of chemical structure, OPCs are aromatic
compounds with many hydroxyl groups, which suggest that it
may function as a molecular zipper and induce intermolecular
interactions between insulin monomers or oligomers stabilized
by hydrogen bonds involving the hydroxyl groups, as well as
drive the self-assembly of OPC-containing spherical insulin
aggregates. However, the inhibitory effect of compounds on
insulin brillation (OPCs > resveratrol > trehalose) was not in
agreement with the number of hydroxyl groups, as shown in
Fig. 1. Trehalose, consisting of more hydroxyl groups, but less
aromatic rings, showed a lower inhibitory effect than OPCs and
resveratrol. Factors other than hydrogen bond networks, such
as aromatic stacking or hydrophobic interactions, may also
affect the inhibitory effect on insulin bril formation.38,39

Recently, Prakasam et al.40 revealed that the topologically
non-trivial metal–organic structures inhibited b2-microglobulin
amyloidogenesis through the weak polar and hydrophobic
interactions, which supports protein hydration and suppresses
© 2021 The Author(s). Published by the Royal Society of Chemistry
aggregation and bril onset. Xu et al.41 reported that the
prevention of aggregation of human islet amyloid polypeptide
by procyanidine were dependent upon hydrophobic and
hydrogen bonding interactions. Additionally, as reported in our
previous work, OPCs may directly bind and shield hydrophobic
sites in gluten, which reduces the surface hydrophobicity of the
proteins and alters their conformation.42 Therefore, the hydro-
phobic interaction of OPCs with insulin may lead to their
effective inhibitory effects in all stages of insulin brillation in
the absence of salts.

On the other hand, OPCs were merely capable of delaying
brillogenesis with the addition of 100 mM NaCl. This can
probably be ascribed to the more effective hydrophobic drive in
the presence of ionic strength, which determines the aggrega-
tion of the insulin monomers, leading to brillar nucleation
and subsequently growth. The stronger hydrophobic interac-
tions among insulin monomers and oligomers compete more
efficiently with the insulin-OPCs interaction and eventually lead
to bril nucleation that triggers the typical explosive amyloid
growth.

This study showed how the aggregation pathway of bovine
insulin can be redirected with OPCs (Fig. 7). The interactions
among aggregation-prone domains of bovine insulin were
suppressed via the formation of OPC-containing, unstructured
off-pathway aggregates. However, the phenomenon is not
RSC Adv., 2021, 11, 37290–37298 | 37295
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Fig. 6 TEM images of insulin co-incubated with different compounds (1 mM) in the absence and presence of 100mMNaCl: (A–D) insulin alone,
(E–H) OPCs, (I–L) resveratrol, and (M–P) trehalose.

Fig. 7 Insulin fibrillogenesis and OPC remodeling pathway leading to
the formation of unstructured, off-pathway aggregates. Insulin, blue/
yellow ribbon; OPCs, CPK spheres.
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without precedent. Gonçalves et al.43 suggested that procyanidin
B3 had the ability to interact with proteins, leading to the
assembly of trypsin/procyanidin aggregates. Recently, EGCG
were observed to redirect Ab-monomers into a new type of SDS-
stable, off-pathway oligomers, instead of the expected b-sheet-
rich structures.44 Similar to EGCG, experimental evidence
showed that resveratrol can selectively redirect soluble oligo-
mers, brillar intermediates, and amyloid brils of Ab into non-
toxic, high molecular weight, and unstructured aggregates.45

However, the conversion of insulin monomers into unstruc-
tured, off-pathway aggregates using resveratrol was not
observed in this study. This nding suggested that the
37296 | RSC Adv., 2021, 11, 37290–37298
properties of proteins, such as hydrophobicity and charge, play
a crucial role in regulating the aggregation pathway,46 and that
OPCs are more accessible than resveratrol for insulin intermo-
lecular interactions.

Conclusions

In conclusion, the present study demonstrated that OPCs in
grape seeds have potent inhibitory and disruptive effects on
amyloid brillar structures in vitro, inducing the transformation
of insulinmonomers into unstructured, off-pathway aggregates.
The structural properties of compounds, including aromatic
structures and the number of hydroxyl groups must be
considered in disrupting the aggregation pathway of proteins.
These ndings contribute to the development of novel anti-
amyloidogenic products from naturally occurring materials.
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