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ABSTRACT: Accumulating evidence have shown a strong pathological
correlation between cardiovascular disease (CVD) and Type II diabetes
(T2D), both of which share many common risk factors (e.g., hyperglycemia,
hypertension, hypercoagulability, and dyslipidemia) and mutually contribute to
each other. Driven by such strong CVD—T2D correlation and marginal
benefits from drug development for T2D, here we proposed to repurpose a
CVD drug of cloridarol as human islet amyloid peptide (hIAPP) inhibitor

Cloridarol

against its abnormal misfolding and aggregation, which is considered as a '(‘%

common and critical pathological event in T2D. To this end, we investigated 2 54 Inhibition Effect
the inhibition activity of cloridarol on the aggregation and toxicity of e 7 3

hIAPP, ;, using combined experimental and computational approaches. o <

Collective experimental data from ThT, AFM, and CD demonstrated the =

inhibition ability of cloridarol to prevent hIAPP aggregation from its Time

monomeric and oligomeric states, leading to the overall reduction of hIAPP

fibrils up to 57% at optimal conditions. MTT and LDH cell assays also showed that cloridarol can also effectively increase cell
viability by 15% and decrease cell apoptosis by 28%, confirming its protection of islet fS-cells from hIAPP-induced cell toxicity.
Furthermore, comparative molecular dynamics simulations revealed that cloridarol was preferentially bound to the C-terminal j-
sheet region of hIAPP oligomers through a combination of hydrophobic interactions, 7—7 stacking, and hydrogen bonding. Such
multiple site bindings allowed cloridarol to disturb hIAPP structures, reduce fB-sheet content, and block the lateral association
pathway of hIAPP aggregates, thus explaining experimental findings. Different from other single-target hIAPP inhibitors, cloridarol is
unique in that it works as both a CVD drug and hIAPP inhibitor, which can be used as a viable structural template (especially for
benzofuran) for the further development of cloridarol-based or benzofuran-based inhibitors of amyloid proteins.
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1. INTRODUCTION slowing gastric emptying, lowering postprandial glucose, and
reducing insulin release. However, under disease conditions in
T2D patients, hIAPP aggregates into pf-structure-rich islet
amyloids in the pancreas, which induce the dysfunction and
death of p-cells. Among hIAPP aggregates, hIAPP oligomers
are more active and toxic to f-cells than mature fibrils."'”"'
Therefore, different lab-to-bench strategies have been
of T2D.”* Similar to hIAPP, many other proteins including .de\;el:i)lp ed to dis.cover alnd ?eSilgzrl gifferent tyI:esl Oflgll};ibitof %
Ap, a-synuclein, and prion proteins have been identified to Including  Organic mo’ecules, nanoparticles, poly-

mers,'>"” and peptides,””*" for preventing hIAPP aggregation
possess self-aggregation ability to form structurally similar ) A PP, P g g5e8
amyloids, which are linked to Alzheimer, Parkinson, and prion ?“4 tF)XlC1tyj HowevAer, almost ?114 of newly develf)ped hIAPP
diseases. hIAPP, as a 37-residue endocrine hormone peptide inhibitors did not achieve any clinical success, mainly because

. )

(Figure 1a), is produced in the pancreatic f-cells and

Type II diabetes (T2D) is a common chronic metabolic
disease, affecting ~460 million people globally." Current
prevailing “amyloid cascade hypothesis” postulates that the
aggregation and misfolding of human islet amyloid peptide
(hIAPP or amylin) into highly ordered, f-structure-rich species
(namely amyloids) is considered as a central pathogenic cause

cosecreted with insulin, released into the bloodstream, and, Received: February 16, 2021
finally, excreted through the kidney for both diabetic and Accepted:  March 17, 2021
healthy people.*”” Under normal and healthy conditions, Published: March 29, 2021

hIAPP mainly exists as nonaggregated species with disordered
structures, which are proved to be nontoxic to islet f-cells®’
but function as glucose regulator and glycemic controller by
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Figure 1. (a) Sequence and fibrillar U-bent, f-structure-rich structure
of hIAPP. (b) Chemical structure of cloridarol with a benzofuran
group that is boxed. (c) Comparison of CVD drugs used as amyloid
inhibitors for their cytotoxicity reduction capacity. *No cytotoxicity
data are available in references. References for these CVD drugs are
listed in Table 1.

of poor biocompatibility, low binding affinity and selectivity,
and low permeability across the blood—brain barrier (BBB).
Moreover, when it is taken into consideration that T2D is a
complex, multifactorial, age-related syndrome, accumulating
evidence also shows that cardiovascular disease (CVD),
including coronary heart disease, strokes, and peripheral
vascular disease, is considered as a risk factor for triggering
and promoting the progression of T2Ds.”>”>° Evidently,
people with CVD have a 2—4 times higher risk of developing
T2D than healthy people.”**” Additionally, T2D and CVD
patients appear to share some common risk factors of
hyperglycemla, hypertension, hypercoagulability, and dyslipi-
demia,”**” implying a potential pathological link between
CVD (heart protection) and T2D (sugar control). Given such
close correlation between CVD and T2D and marginal benefits
from developing new hIAPP inhibitors, drug repurposing
strategy, particularly in the context of COVID-19, is
increasingly becoming an attractive practice for searchlng and
discovering new clinical uses of existing drugs,”’~> simply
because of several irreplaceable advantages over new drug
discovery, including (i) reduction of cost, time, and steps for
clinic trials, (ii) proof of having a low toxicity to the human
body, (iii) well-known side effects, dosages, and possible
complications, and (iv) increase of the success rate even if
restarting the drug discovery process. Some studies, except a
few, have reported to repurpose CVD drugs as amyloid
inhibitors at lab and clinical trials (Figure lc and Table 1).

CVD drugs of linsidomine have been discovered to prevent the
aggregation and toxicity of Af;_4, in vitro> and in vivo.”*
Bleomycin®® and genistein'® have been proven to possess a
dual inhibition ability against both Af,_,, and hIAPP, i,
aggregation. Similarly, salvia miltiorrhiza as a traditional
Chinese herb usually used in cardiovascular disease and its
components including tanshinone I, tanshinone IL,'*¢ and
cryptotanshinone37 have been discovered as Af,_4, and
hIAPP,_;, inhibitors. Mutually, Metformin, an oral antidiabetic
drug, has been used to treat aging, obesity, and even cancer.”®
More recently, tafamidis as an FDA-approved transthyretin
inhibitor has been found to have a new function in the
treatment of cardiomyopathy.’”

In this work, we propose a drug-repurpose strategy to
discover a CVD drug of cloridarol*’ from Kyoto Encyclopedia
of Genes and Genomes (KEGG) database® with a new
function as an hIAPP inhibitor. From a molecular structure
viewpoint, cloridarol (Figure 1b) belongs to an organic
compound family of benzofurans, all of which contain a
benzene ring fused to a furan. Several studies have shown that
the benzofuran family has been widely used in pharmacological
or clinical applications for anti-inflammatory, antibacterial,
antidiabetic, and antioxidant effects.**~** In addition, because
cloridarol has a similar aromatic ring to that of the well-known
amyloid inhibitor of polyphenols, such a similar structure may
offer a similar structural-basis binding hypothesis for cloridarol
to interfere with the f-sheet structure of hIAPP via
hydrophobic and 7—x interactions, which in turn competitively
reduce hJAPP—hIAPP interactions and thus prevent hIAPP
aggregation. To test this hypothesis, we examine the inhibition
activity of cloridarol on the aggregation and toxicity of full-
length hIAPP,_;, using combined experimental and computa-
tional approaches including thioflavin (ThT) fluorescence
assay, atomic force microscopy (AFM), circular dichroism
(CD) spectroscopy, cell viability assay (MTT), cytotoxicity
assay (LDH), and molecular dynamics (MD) simulations. Our
aggregation data from ThT, AFM, and CD confirmed that
cloridarol exhibited a dose-dependent inhibition property
against hIAPP aggregation and toxicity via different inhibition
pathways by energetically binding monomeric and oligomeric
hIAPP species, delaying and disturbing the conformational
change of hIAPP aggregates to p-sheet structures, and
remodeling their aggregation kinetics, all of which contributed
to the reduction of hIAPP-induced cell toxicity from MTT and
LDH assays. MD simulations of an hIAPP pentamer in the

Table 1. Summary of CVD-Related Drugs Used as Amyloid Inhibitors

inhibitor
approved CVD drugs cloridarol
linsidomine
compounds showing potential to treat CVD tanshiones I
tanshiones II
salvianolic acid B
chrysin
tanshiones I
tanshiones II
salvianolic acid B
cryptotanshinione

taxifolin

amyloid molar ratio” cytotoxicity reduction” ref
hIAPP S 69% this work
Ap 5 83% 33
hIAPP 0.5 28% 14
hIAPP 0.5 10% 14
hIAPP S 53% 45
hIAPP 2 N/A 46
AB 2 43% 36
AB 2 30% 36
AB 2 72% 47
AB 05 40% 37
Ap 6 N/A 48

“Minimum molar ratio of inhibitor to amyloid peptide to achieve the best inhibitory performance. “Maximum cytotoxicity reduction to be achieved

in cell assays.
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presence of cloridarol demonstrated strong and specific
binding of cloridarol to the pf-sheet structure of hIAPP
through hydrophobic interactions and hydrogen bonding.
After we consider a highly possible pathological link between
CVD and T2D, repurposing a CVD drug of cloridarol with an
hIAPP inhibition function will prevent both risk factors from
vascular congestion and amyloid aggregation, thus achieving
the higher drug efficiency for better treating CVD and T2D via
a “kill two birds with one stone” method. In a broader view,
given well-established pharmaceutical functions of cloridarol in
drug delivery (nontoxic, biocompatible, nerve cell-targeting
properties), cloridarol could serve as a leading structural
template (especially for benzofuran) for the future develop-
ment of cloridarol-based or benzofuran-based inhibitors of
amyloid proteins.

2. RESULTS AND DISCUSSION

2.1. Cloridarol Inhibits hIAPP,_;; Fibrillization. We
first used the thioflavin T (ThT) assay to study the aggregation
kinetics of hIAPP (25 uM) in the absence and presence of
cloridarol of different concentrations (25—125 yM). In Figure
2, first, pure cloridarol as a control even at a high concentration
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Figure 2. Time-dependent ThT fluorescence profiles for 25 uM
hIAPP aggregation in the absence and presence of cloridarol at
different molar ratios of hIAPP/cloridarol of 1:1, 1:2, and 1:5. The
insets are enlarged views of the initial aggregation of hIAPP with and
without cloridarol at a lag phase.

of 125 uM did not produce any ThT signal, thus eliminating
the possibility of cloridarol for interfering with ThT intensity.
Second, pure hIAPP (25 uM) exhibited a ypical sigmoidal
growth curve (i.e, nucleation-polymerization aggregation),
starting with a lag phase within 2 h and followed by a rapid
growth phase until 20 h; then, it finally achieved a stable
plateau with a ThT intensity of ~783 au. For comparison,
when there was incubation of cloridarol with freshly dissolved
hIAPP monomers at different molar ratios from 1:1 to 1:5,
hIAPP aggregation kinetics showed dramatic decrease at all
aggregation stages in a dose-dependent manner, as evidenced
by (i) the increase of lag time from 2 h to 3 h, (ii) the slowing
down of the aggregate rate at the growth phase, and (iii) the
reduction of final ThT intensity at the equilibrium phase.
Specifically, cloridarol exhibited obvious inhibitory perform-
ance by decreasing the final ThT fluorescence by 17.3, 39.4,
and 55.6% as the hIAPP/cloridarol molar ratio increased from
1:1 to 1:5, confirming the dose-dependent inhibition behavior
of cloridarol. Additionally, as cloridarol concentration was
higher than 50 M, ThT curves were largely overlapped at the
lag period and growth phases, indicating that the cloridarol-
induced inhibitory effect on hIAPP aggregation reached
saturation.

1421

2.2. Cloridarol Modifies the Morphologies and
Secondary Structures of hlAPP,_;;. To better understand
how the cloridarol-induced conformational change of hIAPP is
correlated with the cloridarol-induced inhibition of hIAPP
aggregation, we further monitored the morphological and
secondary structure changes during hIAPP (25 uM)
aggregation in the presence of cloridarol (125 uM) using
AFM and CD. As shown in the first row of Figure 3, incubation

hIAPP

hIAPP:Cloridarol %
(1:5)

Figure 3. AFM images for hIAPP (25 uM) in the absence (first row)
and presence of cloridarol (125 uM, second row) at S, 10, and 24 h.
Scale bars are 1 um.

of pure hIAPP (25 uM) for S h already produced a large
amount of short fibrils that were stacked together and had the
average length of ~300 nm. Upon 10 h incubation, these short
fibrils gradually grew into more and longer protofibrils, with
average heights of ~30 nm. At 24 h, dense clusters of thick
mature fibrils were formed, consistent with the fluorescence
plateau at 24 h in the ThT assay. For comparison,
coincubation of hIAPP with cloridarol at hIAPP/cloridarol of
S h dramatically slowed down or inhibited the hIAPP
aggregation process. Even after 10 h, protofibrils were absent
with some globular aggregates (~200 nm), while at 24 h, only
few scattered thin fibrils (~10 nm in height) were observed.
Quantitively, the amount of fibrils formed by the hIAPP/
cloridarol (1:5) system at 24 h was comparable with that of the
pure hIAPP system at S h, in agreement with similarly low ThT
intensity as recorded for both hIAPP/cloridarol at 24 h (~414
au) and pure hIAPP at S h (~449 au). AFM and CD data
confirm the inhibition ability of cloridarol to retard the hIAPP
fibrillization.

Next, we used CD spectroscopy to monitor the secondary
structure changes of hIAPP (25 uM) with and without
cloridarol (125 uM). To be consistent with ThT and AFM
tests, we used the same time points of 0, 5, 10, and 24 h to
cover the lag, growth, and equilibrium phases off hIAPP
aggregation. In Figure 4a, hIAPP (25 uM) alone displayed a
typical structural transition, starting from random coli as
signified by the negative peak at ~198 nm to the a-helix
(negative peak at ~208 and ~222 nm) at S h and, finally, to
the characteristic cross f-sheet structure (negative peak at
~215 nm). For comparison, when cloridarol was added to
hIAPP fresh solution at a molar ratio of 5, the entire structural
transition was delayed at all time points (Figure 4b). At the
beginning of coincubation of hIAPP and cloridarol, CD spectra
showed a sole and strong negative peak at about 197 nm,
indicative of (i) the random coil structure of the mixed sample
and (ii) no CD interference by cloridarol. At S h of
coincubation, a mixture of hIAPP and cloridarol still adopted
random coil structure, showing the slower aggregation kinetics
than that of pure hIAPP whose curve has moved to ~215 nm
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Figure 4. Time-dependent circular dichroism (CD) spectra and
secondary structure distributions of (a) pure hIAPP (25 uM) and (b)
the mixture of hIAPP—cloridarol (25 uM:125 uM) for 24 h.

at S h. After 24 h, while characteristic -sheet-pertaining peaks
at ~198 to ~215 nm started to appear, both peaks were greatly
reduced in their intensities and also coexisted with the peaks of
random coils. Considering that conformational changes from a
random coil/a-helix to a f-sheet structure is the crucial step
for the formation of cross f-sheets and fibrillogenesis of
hIAPP, we further analyzed the secondary structure contents of
both pure hIAPP and a mixture of hJAPP—cloridarol at 24 h.
Quantitively, pure hIAPP adopted 40% of the f-structure, 17%
of the a-helix, and 43% of the random coils, while the
cloridarol-treated hIAPP sample contained a majority of the
random coils (62%) and 37% of the S-structure. Clearly,
cloridarol converted a-helical structures to random structures,
thus abolishing the hIAPP aggregation pathways from a-helix
to ﬁ-sheet.49 Again, in line with the ThT and AFM results, the
changes in CD spectra confirm the ability of cloridarol to
inhibit hIAPP fibrillization by especially hindering the
conformational change of hIAPP from random coil to a-
helix, thus influencing hIAPP fibril formation.

2.3. Cloridarol Exhibits Different Inhibitory Perform-
ances by Remodeling Different Aggregation Pathways
of hlAPP,_3;. While cloridarol exhibited its strong inhibition
ability to prevent hIAPP aggregation from monomers to fibrils
(Figure 2), it is also fundamentally interesting and important
to examine whether cloridarol could also inhibit hIAPP
aggregation from preformed hIAPP seeds. To address this
issue, we designed a new type of seeding experiments by
incubating cloridarol (125 uM) with different hIAPP seed
solutions (25 #M) obtained from 1 h lag, S h growth, and 11 h
equilibrium phases, followed by the tests for inhibitory
efficiency by monitoring the aggregation kinetics changes
(i.e, ThT signals) before and after adding cloridarol to hIAPP
seed solutions. As shown in Figure Sa, at the first glance,
addition of cloridarol (125 M) to three different hIAPP seed
solutions led to different inhibition scenarios. Specifically,
when cloridarol was added to 1 h hIAPP seed solution at a lag
phase, the ThT aggregation kinetics curve (pink curve) was
almost the same as the addition of cloridarol to freshly
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Figure S. Inhibition effect of cloridarol on the aggregation of
preformed hIAPP seeds. Time-dependent (a) ThT aggregation
kinetics and (b) f-sheet contents by adding 125 uM cloridarol to
different hIAPP seed solutions (25 gM) preformed at 1, S, and 11 h.

prepared hIAPP solution (black curve) within 2.5 h. After that,
further hIAPP aggregation was immediately inhibited and
quickly reached to a stable plateau of ~93S, showing a 42.7%
decrease of final fibril formation. Differently, addition of
cloridarol to 5 h hIAPP seeds showed an immediate stop of the
growth of hIAPP aggregation, resulting in a largely reduced
final ThT intensity of ~1228 (blue curve), equivalent to 24.8%
of fibril reduction as compared to final ThT intensity of
coincubation of cloridarol with hIAPP monomers (black
curve). In sharp contrast to these two inhibition scenarios,
when adding cloridarol to the preformed hIAPP fibrils at 11 h,
no inhibition effect was observed, as indicated by no decrease
of final fibril amounts in the ThT curve (green curve). In
parallel, we quantified the secondary structure changes of
hIAPP when adding cloridarol (125 M) to different hIAPP
seed solutions preformed at 1 and S h. Consistent with ThT
results, f-sheet content in Figure Sb confirmed the inhibitory
performance of cloridarol on both 1-h- and 5-h-seeded hIAPP
solutions, as evidenced by the lower f-sheet content after
adding cloridarol. Specifically, the f-content was largely
reduced by up to 13% for the cloridarol/1-h-seeded hIAPP
system and 4% for the cloridarol/5-h-seeded hIAPP system at
a growth phase, respectively, as compared to that of pure
hIAPP.

Both ThT and CD data from the seeding experiments
indicate that cloridarol is more effective to inhibit the
aggregation and conversion of hIAPP species formed at the
early lag and growth phase but loses its inhibition ability if
high-ordered hIAPP protofibrils or fibrils are formed. This also
indicates that cloridarol lacks the ability to disintegrate
preformed hIAPP fibrils, which has also been confirmed by
our disassembling hIAPP fibril tests by cloridarol (data not
shown). On the other hand, while cloridarol has no effect on
either the inhibition or disassembly of the preformed hIAPP
fibrils, cloridarol could still preserve its inhibitory ability to
selectively bind to the low-ordered hIAPP aggregates
(monomers and oligomers) available in the seed solution (as
confirmed by the first two inhibition scenarios), thus hindering
their self-aggregation.

2.4. Cloridarol Reduces hIAPP,_;;-Induced Cytotox-
icity. To determine whether cloridarol could protect cells from
hIAPP-induced toxicity, we applied 3-(4,5-dimethylthiazole-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) and lactate
dehydrogenase (LDH) assays to examine the potential
protection role of cloridarol in pancreatic cells using the
RIN-mSF cell line for 24 and 48 h. Three controls were
conducted and used as baselines for comparison. RIN-mSF
cells incubated without any treatment were used as control,
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Figure 6. (a) MTT assay for cell viability and (b) LDH assay for cell apoptosis for incubation of hIAPP (25 yM) with and without cloridarol at
molar ratios of 1:1, 1:2, and 1:5 during 24 and 48 h incubation. Data were normalized by the pure cell group. (c) The hIAPP-induced membrane
leakage in the absence and presence of cloridarol at an hIAPP: cloridarol molar ratio of 1:2 (25 yM:50 uM). Data represent mean + SD of three

independent experiments (n = 3).

and their viability was set as 100%. RIN-mSF cells cocultured
with pure hIAPP (25 uM) exhibited 55 and 47% cell viability
(Figure 6a) and 45 and 56% cell apoptosis (Figure 6b) during
24 and 48 h incubation time, showing high cell cytotoxicity as
induced by hIAPP. Pure cloridarol showed the concentration-
and time-dependent cytotoxicity; i.e., at 24 h, cloridarol-caused
cell viability was reduced from 86 to 64%, while its cytotoxicity
increased from 3 to 41% as cloridarol concentration increased
from 25 to 125 uM. Extension of incubation time from 24 to
48 h further decreased cell viability to 68—48% and increased
cytotoxicity to 9—69%. Clinically, a 250 mg capsule containing
cloridarol (3 times per day'’) has been shown to have a
positive effect for treating CVD, which could serve as a
reference for future development of cloridarol as a T2D drug.

In parallel, when incubating all of RIN-mSF cells, hIAPP,
and cloridarol together for 24 h, cell viability/cell apoptosis
was 69%/38%, 70%/17%, and 64%/47% at hIAPP:cloridarol
ratios of 1:1, 1:2, and 1:5, respectively (Figure 6ab). The
further increase of incubation time to 48 h resulted in a
decrease of ~20% in cell viability and an increase of about 7—
23% in apoptosis for all the samples cotreated with cloridarol.
Overall, both MTT and LDH results unambiguously evidenced
that cloridarol at an optimal concentration of 50 M can
effectively alleviate hIAPP-mediated p-cell toxicity. Too high
or too low concentrations led to the reduction of cell toxicity
inhibition to some extents. Thus, the overall cell toxicity is a
result of the competition between cloridarol-inhibition-
induced cell protection and both cloridarol- and hIAPP-caused
cell damage.

Furthermore, we coincubated large unilamellar vesicles
(LUVs) with hIAPP in the absence and presence of cloridarol
to examine whether cloridarol could reduce the hIAPP-
induced membrane leakage, which help to explain the
protective ability of cloridarol on hIAPP-induced cell
apoptosis. Carboxyfluorescein dye was preloaded into the
interior of LUVs made of DOPC and DOPS lipids, in which
carboxyfluorescein was self-quenched. Any membrane dis-
ruption of LUVs will cause carboxyfluorescein to leak into the
solution and lead to the enhanced fluorescent emission, thus
acting as an indicator for quantifying the extent of membrane
leakage. In Figure 6¢, upon incubation of 50 uM cloridarol
with LUVs for 15 h, very minor membrane leakage of <10%
was observed, also indicating that 50 uM cloridarol is a safe

1423

concentration. In sharp contrast, 25 ¢M hIAPP alone induced
a rapid and significant membrane leakage from 0 to 31% as the
incubation time increased from 0 to 400 min. It can be seen
that, even after 900 min, this increasing trend still remained. It
was evident that addition of cloridarol (50 uM) to hIAPP
solution can not only slow down the membrane leakage but
also reduce hIAPP-induced membrane leakage by 19%.
Importantly, side-by-side comparison of membrane leakage
curves (Figure 6c) with the ThT curve (Figure 2) reveals that
the membrane disruption timeline is well aligned with the
growth phase of hIAPP aggregation; i.e, hIAPP oligomers
formed at the early lag and growth stages (0—15 h) are the
main species to induce membrane leakage and thus cell
toxicity. Taken together, MTT, LDH, and LUV data confirm
the protective role of cloridarol in inhibiting hIAPP
aggregation and hIAPP-induced membrane leakage, both of
which account for the reduced cell toxicity.

2.5. MD Simulations Reveal the Interactions between
Cloridarol and hIAPP. Strong inhibition property of
cloridarol against hIAPP aggregation and toxicity is speculated
to stem from strong cloridarol—hIAPP interactions. To better
understand the cloridarol-binding-induced inhibition of
hIAPP, we performed molecular dynamics (MD) simulations
to explore possible binding modes of cloridarol to an hIAPP
pentamer, which was experimentally identified as highly
populated aggregate species.”””' Based on our aggregation
and toxicity assays, cloridarol achieved the best inhibition
performance against both hIAPP aggregation and toxicity at a
molar ratio of cloridarol:hLJAPP 2. We constructed a
cloridarol—hIAPP system by randomly placing ten cloridarol
molecules around an hIAPP pentamer with the separation
distances of 5—8 A between them (Figure 7a). Visual
inspection of MD trajectories showed that, during 80 ns
simulations, cloridarol consistently binded to the hIAPP
pentamer. While such strong cloridarol binding caused some
loss of structural integrity as indicated by twists between
adjacent f-strands, parallel S-strands and the U-shaped peptide
topology in the hIAPP pentamer were still maintained, without
peptide dissociation from hIAPP pentamer. Furthermore,
comparison of root-mean-square deviation (RMSD) and f-
structure content of hIAPP pentamer in the absence and
presence of cloridarol also confirmed the cloridarol-induced
structural disturbance of the hIAPP pentamer; i.e., cloridarol-
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Figure 7. Molecular dynamics simulations of binding modes between
cloridarol and the hIAPP pentamer. (a) Representative MD model of
10 cloridarol molecules (orange) around an hIAPP pentamer in the
presence of water (blue box) and counterions of NaCl (small
spheres). (b) Comparison of RMSD and f-content of the hIAPP
pentamer in the absence and presence of cloridarol. (c) Binding
probability (%) of chloride to each residue of hIAPP based on the
chloride—residue interaction distributions. (d) Overall binding
distribution and specific binding sites (Phe,;, Leu,, and Asnj;) of
chloride to the hIAPP pentamer.

bound hIAPP pentamer (RMSD of ~3.90 A and f-content of
56%) displayed the higher RMSD values (ie., the larger
structural instability) and the -content that is less than that of
the pure hIAPP pentamer (RMSD of ~3.13 A and f-content of
62%) (Figure 7b).

To gain insight into the specific binding sites of cloridarol to
hIAPP, we analyzed the binding probability (%) of cloridarol
to each residue of hIAPP based on the cloridarol—residue
interactions. At the first glance, in Figure 7c¢, cloridarol
exhibited inhomogeneous binding to hIAPP residues, indicat-
ing that cloridarol has more favorable binding to some specific
residues of hIAPP. After we used a cutoff value of —20 kcal/
mol to define the strong and weak binding of cloridarol to
hIAPP residues, cloridarol evidently displayed high binding
probabilities to Phe,; (73%), Leu,, (88%), and Asny, (60%)
from the C-terminal f-sheet of hIAPP. Visually, Figure 7d
shows the binding distribution of cloridarol around hIAPP
with a separation distance of <4 A, another indicator of strong-
binding-induced close contacts. It can be seen clearly that
cloridarol had consistent and preferential bindings to C-
terminal B-sheet region, especially two hydrophobic residues of
Phe,; and Leu,; and one hydrophilic residue of Asn;;, which
offered a combination of hydrophobic interactions, 7—n
stackings, and hydrogen bondings to strengthen the cloridar-
ol—hIAPP bindings. Moreover, the binding of cloridarol to the
C-terminal f-sheet region allows for the hIAPP aggregation
pathway to be blocked via lateral association. Similar binding
preferences of other organic molecules to the f-sheet groove of
Ap, a general signature of amyloid fibrils, have also been
observed,”'" suggesting a common binding-induced amyloid
inhibition mechanism by targeting f-sheet-rich structures to
prevent amyloid—amyloid interactions from their self-aggrega-
tion.
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3. CONCLUSIONS

Given accumulating evidence for implying a close pathological
relation between CVD and T2D, we propose a drug-
repurposing strategy to discover a CVD drug of cloridarol
with a new hIAPP,_;, inhibition function. Collective
aggregation data from ThT assays, AFM images, and CD
spectra confirmed that cloridarol exhibited a dose-dependent
inhibition property against hIAPP fibrillogenesis, leading to a
maximal reduction of fibril formation by 55.6% as compared to
that of pure hIAPP-formed fibrils. Seeding experiments further
revealed that cloridarol induced such strong hIAPP inhibition
via the two main pathways by binding to (i) hIAPP monomers
to prevent the conformational changes from random coils/a-
helixes to f-structure at a lag phase and (ii) hIAPP oligomers
to prevent hIAPP—hIAPP associations at the early growth
phase. Biologically, in vitro cell assays showed that cloridarol
can rescue islet RIN-mSF cells from the hIAPP-induced
toxicity, as evidenced by the increase of cell viability from 55 to
70% and the decrease of cell apoptosis from 44 to 17% at an
optimal cloridarol:hIAPP ratio of 2:1. In parallel, MD
simulations further provided molecular insights into an
hIAPP inhibition mechanism about the interactions between
cloridarol and hIAPP. Cloridarol had a more preferential and
stronger interaction with the C-terminal f-sheets of hIAPP
oligomers through a combination of hydrophobic interactions,
m—n stacking, and hydrogen bonding, which allow cloridarol to
disturb hIAPP structure and f-structure content, weaken the
hIAPP—hIAPP interaction, and block the hIAPP Ilateral
association pathway. This work again provides a new strategy
to search for amyloid inhibitors from CVD drugs, which could
be more effective for both CVD and T2D treatments by
blocking multipathologically linked targets. In a broader view,
considering huge societal and drug-development costs to treat
T2D patients, drug-repurposing strategy allows for the research
of a new amyloid inhibition function of many existing drugs so
as to avoid many potential pitfalls in drug discovery for
amyloid diseases.

4. METHODS

4.1. Materials. Human islet amylin (hIAPP, >95%) was
purchased from CPC Scientific (CA, USA). Cloridarol (95%) was
purchased from Enamine (Kiev, Ukraine.). The 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP, >99.9%), dimethyl sulfoxide (DMSO, >99.9%),
and thioflavin T (ThT, 98%) were purchased from Sigma-Aldrich (St.
Louis, MO). 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC,
>97.0%) was purchased from TCI America (Portland, OR). 1,2-
Dioleoyl-sn-glycero-3-phospho-L-serine (DOPS, >99.0%) was pur-
chased from Avanti Polar Lipids (Alabaster, AL).

4.2. Peptide Preparation. Human islet amylin (hIAPP,_;,) was
purchased in lyophilized form and stored at —20 °C immediately on
arrival. To break pre-existing hIAPP,_,, aggregations and seeds to
obtain the monomer, 1.0 mg of hIAPP,_;, was dissolved in 1 mL of
HFIP and incubated at room temperature for 2 h; then, it was
sonicated in an ice bath for 30 min and centrifuged at 14 000 rpm and
4 °C for 30 min. Finally, supernatant was aliquoted into different
subpackages according to experimental need and stored at —80 °C.
To obtain the monomeric hIAPP,_;, stock solution, subpackaged
peptides were lyophilized using a freeze-dryer for more than 30 min
before solubilized in 10 mM NaOH and diluted in different buffer to
achieve the concentration of 25 yM.

4.3. Thioflavin T (ThT) Fluorescence Assay. ThT powder was
dissolve into Milli-Q water to a concentration of 2 mM and then
stored in a dark place at room temperature. The stock solution was
then sonicated to a particle-free state and diluted in Tris buffer to 10
UM. Samples were prepared by mixing hIAPP,_;, with and without
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cloridarol (25—125 uM) to achieve total test volume of 200 uL. The
kinetic bottom-read mode of a SpectraMax M3 microplate reader
(Molecular Devices, CA, USA) was used to obtain the fluorescence
spectra with excitation at 450 nm and emission at the range 470—500
nm. All the ThT fluorescence experiments were conducted in
triplicate.

4.4. Circular Dichroism (CD) Spectroscopy. A total volume of
600 uL of hIAPP,_;,/cloridarol/hIAPP,_;,—cloridarol samples was
incubated at 37 °C in 10 mM phosphate-buffered saline (PBS, pH
7.4) for a different time period. Samples (150 uL) were pipetted into
a 1 mm optical path length CD cuvette and measured by using a J-
1500 spectropolarimeter (Jasco Inc., Japan) at room temperature. The
spectra of the solution samples were recorded between 190 and 250 at
0.5 nm resolution and S0 nm/min scan rate. To remove the
background influence, all spectra were analyzed by subtracting the
PBS buffer baseline. The secondary structure concentration of each
sample was determined by using a self-consistent method (CDSSTR
program) in the CDPro analysis software.

4.5. Atomic Force Microscopy (AFM). The morphology changes
of hIAPP,_;; mediated by cloridarol were characterized by using
Nanoscope III multimode AFM with an Extender eletroncis module
(Veeco Corp, Santa Barbara, CA) in a ScanAsyst Mode. The
hIAPP,_;, in the presence and absence of 125 M cloridarol was
incubated in 10 mM PBS buffer, and 20 uL samples at different time
points were dropped on a piece of cleaved mica for 5 min, rinsed three
times with Mill-Q water to totally remove additional salt, and dried
with an air stream before they were stored in a sealed container. All
images were recorded at the 512 pixel X 512 pixel resolution at a
typical scan rate of 1.0 Hz and with the vertical tip oscillation
frequency of 250—350 kHz. Representative AFM images were
obtained by scanning six different locations on the mica surface.

4.6. Cell Culture. Rat insulinoma cells RIN-mSF (ATCC CRL-
1160STM, VA, USA) were incubated in sterile-filtered RPMI-1640
medium mixed with 10% (v/v) FBS and 1% (v/v) penicillin/
streptomycin at 37 °C and 5% CO, in a humidified incubator. Cells
were incubated in a T7S flask until there was cell coverage for over
80% of the surface area, and they were harvested by using 0.25 mg/
mL Trypsin/EDTA solution (Sigma-Aldrich). Cells were then plated
in a 96-well cell culture plate with 2 X 10* cells per well in 100 uL of
cell culture medium and incubated 24 h for cell attachment.

4.7. MTT Assay. RIN-mSF cells were seeded in 96-well plates (2 X
10* per well) for 24 h before MTT and LDH assays. After removing
culture medium, fresh cell culture medium with hIAPP,_;,/
cloridarol/hIAPP,_3,—cloridarol solutions were separated and added
into wells, followed by culture of the cells for 24 and 48 h at 37 °C
and 5% CO, in a humidified incubator. In the MTT experiment, S mg
of 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was first dissolved in 1 mL of PBS buffer; then, 9 mL of
culture medium was added to obtain the MTT kit solution for further
use. The culture medium was discarded, and 100 uL of MTT kit
solution was added to each well and incubated at 37 °C. After 4 h, we
replaced the medium with 150 yL of DMSO to dissolve the formazan
crystals. Lastly, absorbance was recorded at 540 nm using the
SpectraMax M3 microplate reader. Each sample was repeated at least
six times, and cell viabilities were calculated in comparison with those
of untreated cells.

4.8. LDH Assay. The cytotoxicity of amyloid peptides causing
membrane leakage could be quantified by lactate dehydrogenase
(LDH) assay. LDH assay was performed using CytoSelect LDH
Cytotoxicity Assay Kit (Cell Biolabs, San Diego, USA). Briefly, 10 uL
of sterile water (as positive control) or Triton X-100 solution (as
negative control) was added to each corresponding well. After 10 min
incubation at room temperature, 90 4L of medium from each well was
transferred to a clean 96-well plate. Then, 10 uL of LDH cytotoxicity
assay reagent was added to every well and further incubated at 37 °C
and 5% CO, for 30 min. Finally, read the absorbance at 450 nm by
using a SpectraMax M3 microplate reader. Relative cytotoxicity
percentages were proportionally normalized by the difference of
positive and negative control.
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4.9. Large Unilamellar Vesicles (LUVs). LUVs were prepared at
a total lipid concentration of 20 mM by dissolving DOPC, and DOPS
was in chloroform and mixed in a 7:3 molar ratio. Mixtures were then
evaporated with air gas and kept in a high-vacuum oven for at least 1 h
to completely remove the residual organic solvent. The resulting lipid
mixture were dissolved in Tris buffer [10 mM Tris—HCI and 100 mM
NaCl (pH 7.4)] containing saturated 5(6)-carboxyfluorescein to
reach the concentration of 2 mM. The lipid solution was then
subjected to ten freeze—thaw cycles and passed through 200 nm pore
size filters 10 times to obtain a uniform vesicle size. Dynamic light
scattering (DLS) was used to check the effective diameter and
polydispersity of each vesicle before use. A fresh LUV solution was
used for each experiment.

4.10. Membrane Permeability Assays. The membrane leakage
experiment was conducted using top-read mode of a SpectraMax M3
microplate reader with excitation at 485 nm and emission at 535 nm,
respectively. All the samples were incubated in a 96-well quartz
microplate at room temperature. The maximal leakage for totally
disrupted membranes was measured by adding the detergent Triton
X-100 to a final concentration of 0.05% (v/v), and pure S5(6)-
carboxyfluorescein encapsulated LUV solution was set as background
signal. The hIAPP,_5; (25 #M) monomer was added in the presence
or absence of S0 uM cloridarol to 2 mM S5(6)-carboxyfluorescein
encapsulated LUVs (10 mM Tris—HCl, 100 mM NaCl, pH 7.4)
solution and continuously measured during the course of each
experiment. The release of the fluorescent dye was calculated as the
percent fluorescence change L(t) = (Ft — Fbaseline)/(Fmax —
Fbaseline), where L(t) represents the normalized membrane leakage,
Ft was the measured fluorescence intensity at time t, Fbaseline was the
fluorescence intensity of untreated encapsulated LUV solution, and
Fmax was experimentally determined by disrupting the vesicles with
0.05% (v/v) Triton X-100.

4.11. Molecular Modeling and MD Simulation Protocol. We
performed MD simulations to investigate the binding and interaction
of cloridarol with hIAPP. The force field of cloridarol was built using
CGenFF (https://cgenff.paramchem.org/), which is compatible with
the CHARMM force field>> An hIAPP,_,, pentamer was used to
model the protein. The initial coordinates of the hIAPP,_;, pentamer
with a double-layer fibril-like structure was kindly provided by Tycko’s
group.”” The force field parameter and topological information of the
hIAPP are obtained from the CHARMM?27 force field with CMAP
correction. We constructed an hIAPP—cloridarol complex by
randomly placing 10 cloridarol molecules with different orientations
around an hIAPP pentamer with a separation distance of 5—8 A
between cloridarol and the protein. Then, the resultant hIAPP—
cloridarol complex was subjected to be solvated using the TIP3P
water model, where van der Waals (VDW) potentials of both
hydrogen and oxygen atoms are supposed to be calculated.
Furthermore, counterions of Na* and CI~ were added into the
resulting system to mimic ionic strength of ~150 mM at a
physiological condition.

Prior to production of MD simulations, the resulting hIAPP—
cloridarol system (Figure 7a) was first subjected to energy
minimization using the 5000-step conjugate gradient minimization
method. After that, 80 ns all-atom MD simulations for the system
were performed using NAMD 2.13 package®* with the NPT ensemble
(constant number to atoms, pressure, and temperature) under a 3D
periodic condition. During MD simulations, the temperature and
pressure were maintained at 310 K and 1 atm using the Langevin
thermostat method with a damping coefficient of 1 ps™' and the
Langevin piston control algorithm, respectively. The RATTLE
method was applied to constrain all covalent bonds, including
hydrogel bonds, so that the velocity Verlet algorithm was used to
integrate the Newton motion equation with a larger time step of 2 fs.
The interaction potentials between atoms were estimated by long-
range electrostatic interactions calculated by the particle mesh Ewald
(PME) method with a grading space of 1.0 A and short-range van der
Waal interactions computed by switching functions with the twin-
range cutoff at 12 and 14 A. All MD trajectories were saved each 2 ps
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for further data analysis. The analysis of MD simulation results was
conducted in the VMD package with in-house TCL scripts.
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