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ABSTRACT

Amyloidogenic proteins and peptides have been implicated in many diseases including
Alzheimer’s, Parkinson’s, Huntington’s, and even prion disease. Islet amyloid polypeptide (IAPP)
is one amyloidogenic peptide that has been implicated in the prognosis of type 2 diabetes (T2D).
IAPP is a hormonal peptide which functions primarily in postprandial glucose regulation.
However, fibrillation renders it nonfunctional and induces B-cell dysfunction via mechanisms
including oxidative stress and membrane rupture, resulting in toxicity and apoptosis. Hence, the
identification of anti-fibrillation compounds is a common approach to mitigating fibrillation and
fibrillation-induced B-cell toxicity. In comparison to other more popular antidiabetic targets,
however, IAPP fibrillation is largely understudied as a potential treatment of T2D. Furthermore,
natural compounds such as polyphenols, peptides, and polysaccharides, are not commonly
considered as antidiabetic agents. Thus, this thesis seeks to expand the known anti-fibrillation
compounds, with a special emphasis on structure-activity relationships. This will enhance the
understanding of important anti-fibrillation features, and pave way to the rational design or

identification of novel IAPP fibrillation inhibitors.

This research employed techniques to screen for potential fibrillation inhibitors using thioflavin T
fluorescence kinetics. The effects of the biomolecular interactions between the identified inhibitors
and TAPP on fibrillation and secondary structure were monitored using dynamic light scattering,
and circular dichroism techniques. Morphological characterization of IAPP fibrils were carried out
using transmission electron microscopy and fluorescence microscopy. The theoretical binding
interactions between the anti-fibrillation compounds and IAPP were determined via in silico
molecular docking, using monomeric and pentameric IAPP and binding models. The manifestation
of the observed anti-fibrillation activity on membrane leakage and cytotoxicity was assessed using
calcein-encapsulated giant unilamellar vesicles (GUVs) and rat insulinoma B-cells (RIN-m)
respectively. Finally, the effect of [APP fibrillation inhibition on -cell functionality was evaluated

by monitoring oxidative stress and glucose-stimulated insulin secretion.

From this study, IAPP anti-fibrillation polyphenols caffeic acid, gallic acid, rutin, and quercetin,
and peptides MANT, YMSV, and TNGQ were discovered. These compounds demonstrated
significant reductions in IAPP fibrillation, average particle sizes, stabilized IAPP secondary

structure, and altered the fibrillar morphology of IAPP. Docking interactions studies identified
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unique binding sites of each anti-fibrillation peptide to IAPP. Subsequent investigations into how
domain-specific binding of peptides MANT, YMSV, and TNGQ translates to membrane-protective
effects uncovered the role of cross-domain interactions by TNGQ in preventing IAPP fibrillation-
induced membrane leakage and B-cell toxicity. Peptide-polyphenol interactions between rutin and
MANT, YMSYV, or TNGQ revealed a non-additive effect on anti-fibrillation activity. Nevertheless,
rutin-TNGQ combinations demonstrated enhanced fibrillar disaggregation activity and decreased
prevalence of membrane-bound toxic oligomeric species which translated to an enhanced ability
to minimize B-cell oxidative stress; an effect that was not observed in the presence of rutin or
TNGQ alone. Despite this, no significant effect was observed on glucose-stimulated insulin
secretion. Obtained results highlighted the importance of multifunctional anti-fibrillation
compounds that retain individual activity and shed a positive light on the benefits of non-additive

inhibitor systems.

Taken together, this work demonstrated novel perspectives in fibrillation inhibitor design, the role
of IAPP cross-domain interactions in mitigating fibrillation induced B-cell dysfunction, and the

importance of structure on observed anti-fibrillation activity.
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1.1.1. INTRODUCTION

Amyloidogenic peptides and proteins have an increased tendency to self-interact and form
insoluble fibrils or plaques, which can be extremely harmful.? These protein fibrils or plaques are
precursors to many diseases such as Parkinson’s, Alzheimer’s, prion conditions, and type 2
diabetes (T2D), etc.>> The amyloid formation process is similar for these peptides and proteins,
consisting of nucleation in the lag phase, followed by oligomerization of the amyloidogenic
proteins and exponential fibrillar growth in the elongation phase.? Finally, formation of fibrils
consisting largely of stable, insoluble, multi-stranded B-sheets indicate transition into the stationary

phase of fibril formation.”

Islet amyloid polypeptide (IAPP), or amylin, is a hormonal peptide co-produced and co-
secreted with insulin by pancreatic B-cells.* IAPP primarily functions as a neuroendocrine peptide
in postprandial blood glucose regulation.* This occurs via the suppression of gastric emptying,
glucagon secretion regulation, and modulation of food intake.* The role of IAPP in satiety
regulation suggests potential binding sites of IAPP within the brain.* Despite significant regulatory
roles, IAPP has been identified as a key factor in the development of T2D. In excess amounts,
monomeric and oligomeric IAPP can form extremely stable IAPP fibrils.*> IAPP aggregates,
which form amyloid fibrils, contribute to cytotoxicity of the pancreatic -cells, resulting in loss of
function and subsequent reduction in insulin production. These amyloid fibrils have been linked

to T2D onset due to their cytotoxic effects on B-cells, causing cell failure and apoptosis.*>

[APP also has a potential role in exacerbating the deleterious effects of insulin resistance
and stress experienced by B-cells in T2D development. This is because insulin resistance results in
the upregulation of insulin production, equally enhancing IAPP co-secretion.* Overproduction of
IAPP precursors can overwhelm the Golgi apparatus and endoplasmic reticulum, resulting in the
secretion of immature or misfolded IAPP.® An increase in extracellular IAPP equally increases the
likelihood of secreted IAPP to aggregate, resulting in fibrillar [APP-mediated B-cell cytotoxicity.
As a result, surviving B-cells overcompensate for this reduction of insulin production, further
contributing to the loss of function because of increased stress and IAPP fibrillation-induced
cytotoxicity, thus leading to insulin resistance, and a negative feedback loop, eventually resulting

in B-cell failure.’



Endogenously, IAPP monomers function in a variety of roles; however, aggregation
renders them non-functional. Thus, inhibition of IAPP fibril formation while retaining their
endogenous function in glucose metabolism is an emerging approach for the discovery of new
antidiabetic compounds.® Further, there is need for the identification of natural, food-derived
inhibitors as an alternative to synthetic equivalents. The use of naturally occurring compounds,
including peptides and phytochemicals, has been explored as a way to mitigate or inhibit IAPP

fibril formation.

This section discusses the origin, structural profile, function, regulation, and disease
involvement of IAPP in T2D development. Recent advances on inhibitors of IAPP fibril formation,
and new insights on the future development and application of food-derived inhibitors towards
T2D management is also explored. It also highlights some mechanisms that are proposed to be
involved in TAPP fibrillation, the basis for the subsequent section, which discusses various anti-

fibrillation compounds and their structural components implicated in their activity.



1.1.2. THE STRUCTURE AND ROLE OF ISLET AMYLOID POLYPEPTIDE IN TYPE 2
DIABETES

1.1.2.1. Structural information

Islet amyloid polypeptide (IAPP), also known as amylin, is a 37-residue basic polypeptide
(Scheme 1.1.1A).1°!" As a result of the amidated C-terminus, this polypeptide lacks any
negatively charged groups. In addition, the presence of four positively charged groups (N-
terminus, Lysl, Argll, and His18) contributes to the cationic nature of IAPP, with net charge
ranging from +2 to +4 depending on the pH.! The structure of IAPP includes a rigid disulfide
bridge between Cys2 and Cys7, embedded within the membrane-binding domain spanning from
residues 1-19 of the N-terminus (Scheme 1.1.1A).>!° Residues 819 form the highly dynamic
random coil structure that interchanges with an a-helical conformation in aqueous solution, while
the central 2029 residues govern the amyloidogenic region, which plays an instrumental role in
fibril formation (Scheme 1.1.1A).'%!! Lastly, the C-terminal region is involved in peptide self-

association (Scheme 1.1.1A).1°



membrane binding domain amyloidogenic region self-association region
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Scheme 1.1.1. (A) [APP is a 37-residue basic hormonal polypeptide consisting of a Cys2—Cys7
disulfide bond and three domains/regions: the N-terminal membrane binding domain (Lysl—

Ser19), the amyloidogenic region (Ser20-Ser29), and the C-terminal self-association region
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(Thr30-Tyr37). (B) Model of fibrillar IAPP, adapted with permission from Marek et al. 2012.! On
the left, the top-down view of the IAPP fibrillar axis (indicated by “-”). A layer consists of two
molecules of IAPP, which interact through a dry “steric zipper” interface. The basic residues (Lys1
and Argll) are solvent-exposed while His18 points inside the core, shown on the right. Basic
groups are shown in space-filling representation, and their heavy atoms are determined using
Adaptive Poisson-Boltzmann Solver (according to their electrostatic potential) and the represented
charges are color-coded from red to blue (—20 to 20 kbT/ec units). (C) IAPP fibrillation kinetics
plot. Blue curve represents the classical fibrillation kinetics of monomeric IAPP while the red
curve represents the fibrillation kinetics of seeded fibrillation. Schematic outlines the classical

fibril formation process separated into the three phases: lag, exponential, and stationary.

The aggregation of monomeric IAPP, forming protofibrils and subsequent mature fibrils,
is a spontaneous and favorable reaction in vivo. This transformation consists of a change from the
intrinsically disordered IAPP monomer to the highly ordered B-sheets, forming amyloids of
varying sizes."!® Each monomer adopts a U-shaped confirmation with residues 18-27 embedded
within the turn region between the two B-strands of a monomer (Scheme 1.1.1B)."!? Initial
protofibrils are composed of two C2-symmetric stacks of monomeric IAPP that lack interchain
hydrogen bonding or any other charge-charge interactions across the axis between the protofibrils
(Scheme 1.1.1B). Rather, these chains form a dry steric zipper, held together by hydrophobic
interactions.!> However, hydrogen bonding occurs within monomers of a single stack running

parallel to the fibrillary axis.!
1.1.2.2. Endogenous roles

IAPP is a small, neuroendocrine hormonal peptide that is co-packaged, co-localized and
co-secreted with insulin at an IAPP:insulin ratio of 1:100 by the pancreatic B-cells in the Islets of
Langerhans.”!%!41¢ It is stored in secretory granules along with insulin and released to facilitate
glucose and cholesterol metabolism in events of elevated blood glucose levels by inhibiting

15,17

glucagon secretion. IAPP plays several regulatory roles for maintaining post-prandial glucose

levels by suppressing gastric emptying, and modulating food intake and glucagon secretion.”!®
Subsequent suppression of glucagon activity decreases hepatocytic glucose production and

excretion, whereas suppression of gastric emptying delays glucose absorption by the small



intestine.® Its effects in centrally stimulating satiety suggests the presence of potential IAPP

binding sites within the brain cells.'®
1.1.2.3. TIAPP turnover

Under normal circumstances, IAPP routinely undergoes proteolytic degradation via the
ubiquitin proteasome system (UPS) where the 26S proteasome complex plays a pivotal role in
IAPP turnover.!® UPS recognizes and degrades damaged and dysfunctional proteins as well as fully
functional proteins that are no longer needed.?’ Routine turnover of IAPP helps to prevent
intracellular accumulation and cytotoxicity to pancreatic B-cells. During type 2 diabetes (T2D),
however, there is a marked decrease in proteasome activity where the polyubiquitinylated proteins

become more abundant, indicating functional impairment of the proteolytic complex.!’

Autophagy-lysosomal system (ALS) is the second most abundant degradation system
regulating IAPP turnover.?’ While UPS degrades proteins exclusively, the dynamic membrane
recognition system of ALS allows for the degradation of a broader range of macromolecules, in
addition to proteins and their aggregates, such as lipids and DNA.?® With respect to IAPP
degradation, the dynamic membrane recognition allows for the identification of IAPP
macromolecules in need of degradation. Upon identification of IAPP, uptake via autophagy is
induced, followed by intercellular transport to specialized lysosomes called autophagosomes.?’
Autophagosome accumulation occurs because of rapid encapsulation of fibrils by the
aforementioned autophagosomes in event of overwhelmingly high levels of fibril formation. In
order for degradation to occur, lysosomes must fuse with autophagosomes to form
autophagolysosomes. These newly formed specialized lysosomes are able to degrade
ubiquitinylated fibrils through a process known as aggrephagy.® However, under stress conditions,
such as rapid fibril formation, the rate of autophagosome maturation is overburdened. This
negatively impacts the rate of amylin degradation in the process and further increases the stress

experienced by the pancreatic p-cells.®*

1.1.2.4. Role in T2D development

Type 2 diabetes (T2D), a metabolic disease characterized by the inability to regulate
postprandial blood glucose levels, is rapidly becoming a major global health concern. In 2021, it

was estimated that 529 million people were living with diabetes, with more than 90% having
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T2D.?! This is projected to more than double, with 1.31 billion people estimated to be living with
diabetes by 2050, hence the importance for imminent disease intervention.?! Before the onset of
T2D, the abnormalities in insulin production and secretion by B cells occur in an effort to regulate
increased blood glucose levels and combat insulin resistance of skeletal muscle, fat, and liver
tissues.” Consequently, B cells significantly upregulate the production of insulin to restore
sensitivity and enhance glucose uptake, leading to B-cell stress.’ This stress results in -cell failure
and death, and further exacerbates blood glucose dysregulation and hyperglycemia.?? Hence,
several biomolecules, biochemical pathways, and cellular processes involved in glucose
metabolism and insulin resistance have been targeted for their role in T2D toward the development
of novel treatment options. In the early stages of T2D, the production of IAPP is noticeably higher
than normal, likely a result of the overexertion of B cells to increase circulating insulin levels in

compensation for the hyperglycemic state.?’

Overwhelming evidence points to IAPP cytotoxicity in T2D development, making it an
attractive target for T2D mitigation. While IAPP fibrillation is not considered to be the primary
cause of T2D, it is still found to be a contributing factor responsible for the decreased level of
insulin production by pancreatic B-cells.” In events of uncontrolled regulation and subsequent f-
cell stress, improper processing of IAPP results in the formation of intracellular and extracellular
amyloid deposits.!!> IAPP amyloid deposits have been observed in over 90%-95% of T2D
patients, and its presence has been linked to membrane damage of P-cells, causing
cytotoxicity.”!%1624-26 JAPP amyloid deposits have extremely cytotoxic effects on B cells, and the
degree of IAPP fibrillation has been directly correlated with a loss in B-cell mass and function,
resulting in a marked decrease in insulin production.®!'?2 This subsequent loss of B-cell mass and
function serves as the initiator of chronic insulin resistance.!!*” Pancreatic B-cell function has also
been shown to be spatially correlated with amylin protein deposition where (3-cell mass is strongly
reduced in islets containing IAPP deposits while nearby islets lacking amylin remain

unaffected.>>*®

In T2D pathogenesis, IAPP plasma levels decrease significantly, thus explaining the rapidly
occurring gastric emptying in advanced disease stages. Moreover, the reduction of B-cell mass as

a result of prolonged stress points to the downregulated IAPP production.?
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Considering the instrumental role of IAPP in blood glucose regulation and the deleterious
effects of IAPP aggregates on B-cell viability and insulin response, IAPP has become an important

target for T2D management and treatment.

1.1.3. IAPP fibril formation

1.1.3.1. Mechanisms of formation

IAPP fibril formation follows the classical aggregation process consisting of a
lag/nucleation, elongation/growth, and stationary phases (Scheme 1.1.1C). However, prior to fibril
formation, misfolding or unfolding must occur, making the nucleation phase the rate determining
step in IAPP fibril formation.'*” IAPP is intrinsically transient in its native a-helical state, making
unfolding or misfolding highly favorable. The rate-determining nature of this stage presents in the
association of two IAPP monomers. At physiological pH, IAPP maintains a positive charge due to
the charged N-terminus and basic residues Lys1, Argl1.! Of the residues, only Lysl and Argl1
remain exposed to solvent while His18 is oriented towards the core."!° Due to the orientation of
IAPP monomers, nucleation includes the association of two cationic residues needing to overcome
repulsive forces, thus explaining the rate determining nature of the nucleation phase.!*° Formation
of dimers from IAPP monomers indicates the beginning of the nucleation phase while subsequent
aggregation into oligomers mark the transition into the elongation phase. Following dimerization,
rapid elongation of dimers into short-lived fibrillar intermediates such as soluble oligomers and
protofibrils occurs in the elongation or growth phase. Protofibrils are intermediate molecules that
form immediately afterwards, leading to mature fibril formation and the stationary phase where
fibrils are in equilibrium with monomers.'!?* As shown in Scheme 1.1.1C, the reaction curve of
IAPP fibril assembly has been described by many as a sigmoidal curve, similar to that of an

allosteric enzyme kinetics plot.

The N-terminus of [APP is not overly instrumental in fibrillation, possibly due to the Cys2—
Cys7 disulfide bond, which introduces rigidity and restricts B-sheet formation (Scheme 1.1.1A).%"
Nonetheless, the N-terminus disrupts synthetic lipid vesicles in the absence of fibers, owing to the
membrane-binding capabilities of this domain.*> The amyloidogenic region contains a number of
hydrophobic and aromatic residues (Scheme 1.1.1A).>*3* The fibrillation propensity of IAPP is

largely driven by this region; thus, it has become the most targeted region in search for anti-

12



fibrillation agents. Interestingly, the first point of contact for IAPP self-association occurs at the
C-terminus (Scheme 1.1.1A), yet it is not as strongly targeted for inhibition compared with the

amyloidogenic region.’

Fragments of mature fibrils are often used as “seeds” or templates to form additional fibrils.
This alternative template pathway to fibril formation is more favorable and less energy demanding
compared to nucleation initiated by the aggregation of two monomers. Consequently, the process
results in a much shorter lag phase followed by a rapid elongation phase, and finally the expected
stationary phase observed with the template pathway (Scheme 1.1.1C).!"° This favorability is
explained by the initial nucleation and elongation phases in normal fibril formation. Dimerization
and oligomerization of IAPP monomers are unfavorable steps in fibrillation that result in the
formation of highly unstable fibril intermediates, which may dissociate to form shorter fibrillar
fragments in order to achieve a more stable arrangement. The fragment in turn serves as a template
for binding additional monomers, forgoing the nucleation phase almost completely and increasing

the elongation phase in the process.*°

[APP-advanced glycation end products (AGE) conjugates (AGE-IAPP) can also play the
role of “seeds” for new fibril formation, resulting in a dramatically reduced nucleation phase, and
in causing more lethal cytotoxicity compared to native IAPP.!*> AGE-IAPP can also be used to
seed fibrillation with as low a ratio as 10% total AGE-IAPP present.!! This non-enzymatic
conversion to AGE-IAPP renders the modified polypeptide resistant to proteolytic degradation,
thus promoting its accumulation in vivo.'! AGE-IAPP plays a role in activating fibril formation
compared to native IAPP, even at low pH where aggregation is largely unfavorable. It is
hypothesized that the AGE modification drastically changes the aggregation rate by promoting
conformational change from the intrinsically disordered random coil of IAPP to the highly
ordered S-sheet structure of fibrils.!*® This conversion significantly reduces the high-energy
threshold governed by the nucleation step, thus allowing rapid transition to the formation of high-
molecular weight cytotoxic IAPP oligomers.*® Other non-enzymatic self-modifications such as

deamidation is known to encourage IAPP aggregation in a similar mechanism as glycation.>”*

1.1.3.2.  Cytotoxicity

Cytotoxicity associated with IAPP occurs primarily because of the formation of pores

within the pancreatic B-cell membrane, which reduces membrane integrity and permeability,
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leading to disrupted ionic homeostasis and signal transduction and triggering cell death (Scheme
1.1.2).!° This hypothesis is plausible given the presence of the 19-residue membrane-binding
domain of human IAPP (hIAPP), which modulates fibril formation and incites membrane leakage
upon aggregation.>® While this is the widely accepted mechanism, there is no consensus on the
species causing the membrane permeating pores. Some studies point to oligomeric species and
other pre-fibrillary soluble intermediates whereas others suggest the mature fibrils as the

mediators. 10,11,29,39,40

Extracellular fibril formation

Ca*, ROS
A
'5/ Ca’, ROS
Pore formation
Apoptosis
e
Ca*, ROS
Intracellular fibril formation
1APP
accumulation
Apoptosis

Scheme 1.1.2. Role of intracellular and extracellular IAPP fibrillation in the induction of apoptosis

in B-cells; ROS, reactive oxygen species.

Oligomeric species play a principal role in cytotoxicity and disease development.*! Related
amyloidogenic peptides previously implicated in diseases, such as the f-amyloids, and pre-
fibrillary assemblies, particularly soluble oligomers, have significant cytotoxic effects in vivo.*’
Oligomerization causes the initial membrane leakage through pore formation or aspecific leakage

of ions, causing aspecific leakage, which may contribute to cytotoxicity.** Challenges in
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elucidating the true cytotoxic abilities of these oligomeric species are mainly due to the extremely
short-lived nature of oligomeric aggregates and, as such, structural characteristics and other cues

have yet to be identified (Scheme 1.1.3).1%:11:2-30

— )|~ — B

unfolded/misfolded dimer - °"9°'“er

IAPP monomer monomer / /
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mitochondrial cellular membrane
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Scheme 1.1.3. TAPP fibrillation is initiated by the unfolding or misfolding of monomeric IAPP
(PDB code: 2L86), exposing the self-association and amyloidogenic regions. Subsequent
association of unfolded IAPP monomers results in the formation of dimers. Rapid elongation at
both ends of IAPP dimers forms soluble oligomers, protofibrils, and finally, mature insoluble
fibrils. IAPP-induced cytotoxicity is primarily caused by the fibrillar intermediates or mature
fibrils via three main mechanisms: mitochondrial dysfunction, ROS production, and cell

membrane disruption.

In contrast, insoluble amyloid fibrils play an indirect role in B-cell cytotoxicity.>*> Alone,
these insoluble fibrils are relatively inert and not cytotoxic, but their negative effect may be
facilitated through the formation of fibrils (Scheme 1.1.3).°* Monomeric IAPP interacts with the

lipid membrane of the B-cell through the membrane-binding domain.** This insertion leaves the
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amyloidogenic region of IAPP free to aggregate. Cytotoxicity comes with the growth of the fibrils
to form larger pores, which eventually disrupts the membrane altogether and an imbalance in water
and ion homeostasis, also triggering apoptosis.® In addition, another indirect model suggests that
cytotoxicity is also triggered by a number of changes in the cellular environment because of fibril
formation.>* These changes include an increase in the formation of reactive oxygen and nitrogen
species, abnormalities in cellular redox systems, loss of protein function post-aggregation, and
hyper-phosphorylation of proteins that accumulate in aggregative protein deposits.>> Specific
contributors to aggregation-induced cytotoxicity including the roles of monomeric, oligomeric,

and protofibrillar species in inducing B-cell death have been reviewed elsewhere.*’

Furthermore, intracellular overproduction of IAPP followed by delays or errors in
processing may result in the accumulation of IAPP due to the overwhelmed IAPP turnover
mechanisms, thus causing fibril formation intracellularly.” Subsequent pores formed within the
cell membrane by extracellular IAPP fibrils can function as calcium-permeable ion channels,
resulting in the increased influx of calcium ions into the cell.” Thus, the prolonged increase in
intracellular calcium concentrations results in cell damage and apoptosis. Further exacerbation of
this process may occur with the release of intracellular pre-fibrillar intermediates into the
extracellular environment followed by subsequent formation of IAPP fibrils, where cytotoxicity
can be induced in surrounding B cells by interaction between the oligomeric species and mature

fibrils with the cell membrane (Scheme 1.1.3).!10-2¢
1.1.3.3. Role of microenvironment in fibril formation

The local environment of IAPP also influences the switch from stable monomeric IAPP to
fibrils. Factors such as salt concentration, ionic strength and glucose concentration play a major

role in fibril formation.?*

Salt concentration and ionic strength have a complex effect on amyloidogenesis. These
conditions are hypothesized to play a major role in establishing favorable conditions for IAPP
amyloid formation.! In general, amyloidogenesis increases significantly with increasing ionic
strength; however, the interplay between ionic strength and fibril formation is more complex than
a simple linear correlation because pH, ion species, and concentration also affect the behavior of
IAPP.! At high salt concentration, the effect of ion strength in IAPP fibrillation is directed by the

Hofmeister effect, which associates protein solubility to the concentration of salt in solution.**
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Thus, TAPP fibrillation will be more favorable in conditions of high salt concentration, which
explains the increased rate of fibril formation as a result.!*> Furthermore, a higher salt
concentration in the presence of anions yields an increased dependence on anion binding between
salt and polypeptide, which favors fibril formation.! More research on the effects of salt alone on
fibril formation would provide independent insights on the interplay between the two, as well as
potential targets for IAPP fibrillation inhibition. Similar to the effect of monovalent anionic
composition on fibrillation, I[APP aggregation accelerates in the presence of anionic lipids such as

phosphatidylglycerol and phosphatidylserine. '

Zinc ions play an indirect role in fibril formation through the modulation of insulin
concentration. Insulin, along with IAPP, is stored in granular forms within pancreatic -cells where
the intracellular environment consists of a high Zn?" concentration and ionic strength.!** The
Zn*" transporter in pancreatic B-cells, ZnT8, is responsible for transporting zinc against its
concentration gradient into the B-cells, thus indirectly modulating IAPP aggregation through
insulin binding.>* Insulin monomers and dimers preferentially bind IAPP monomers, whereas
insulin oligomers are insoluble and do not bind IAPP. Instead, zinc ions bind and stabilize insulin
hexamers, retaining their crystal forms within the B-cell granules. As a result, zinc ions modulate
insulin granulation, thus altering the concentration of insulin monomers and dimers in the process,
and impacting the formation of insulin-IAPP complexes and IAPP aggregation.>**¢ The binding of
insulin monomers and dimers to IAPP occurs at the amyloidogenic region of IAPP, thus preventing
IAPP self-assembly and inhibiting aggregation in the process.?* Zinc ions also bind to the
monomeric IAPP at Hisl8, destabilizing the a-helical region and favoring the f-hairpin
conformation instead.*” While the f-hairpin is an intermediate structure in the formation of the
amyloidogenic f-sheet, Zn>" blocks the process by stabilizing the much lesser amyloidogenic
hairpin conformation.***” A decrease in extracellular Zn>" concentration allows for an increase in
oligomerization of insulin and, as a result, the concentration of monomeric and dimeric IAPP
increases. Since both insulin conformations bind competitively to IAPP monomers, an increase in
insulin-IAPP complexes is observed with increased Zn?' concentration, thus blocking the
amyloidogenic region of IAPP and decreasing the propensity of IAPP aggregation.?* Insulin-IAPP
complex formation provides another route for [APP shuttling in environments of excess peptide as

well.
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A number of other changes in the micro-environment can affect IAPP aggregation, either
encouraging or discouraging fibrillation. Additional factors that play a role in fibril formation of

IAPP include the presence of other metal ions such as Cu?" 454

1.1.3.4.  Role of IAPP sequence in fibril formation

Like humans, IAPP analogues are present in many different mammalian species, including
baboon, cat, dog, rat, mouse, and cow.® However, unlike hIAPP, some analogues do not exhibit
fibril formation and, more importantly, these mammals do not develop hyperglycemia or T2D.**
Rat IAPP (rTAPP) analogues have been extensively studied to understand the importance of the 6-
residue difference in the sequence that seem to eliminate the amyloidogenic propensity.®!4?8 A
high sequence conservation exists in rats and human's IAPP, except for the amyloidogenic region,
half of which consist of proline substitutions. Amyloidogenesis studies suggest the importance of
Pro25 of rIAPP in fibril formation.!** This is likely because proline plays the role of a f-breaker,
preventing the formation of f-sheet at the C-terminal and disrupting the U-shape topology seen in
fibril formation, thus reducing the ability of IAPP to form aggregates.'*>!*> The Pro25 residue

introduces a kink in the middle of the peptide fragment of the mature fibrils, resulting in the loss

of B-sheet topology in favor of aggregated coils.'*

Although the driving forces in IAPP self-assembly are not completely elucidated, many
hypotheses have been proposed. Originally, it was thought that aromatic residues, specifically
phenylalanine, played a fundamental role in facilitating the m-m interactions that encourage
aggregation.”® Mutational studies revealed that phenylalanine, and other aromatic residues alone,
were not absolutely required for the formation of fibrils. This led to the rationale that hydrophobic
interactions, amongst other intermolecular forces, were the driving force behind fibril formation,
while aromacity simply provided structural stabilization.>*>> While no consensus exists on what
plays the decisive factor on fibril formation, Profit et al. suggested that both n-n and hydrophobic
interactions play roles in fibril formation and when either is disrupted, disaggregation is expected

to occur.>®
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SECTION 1.2

Mechanisms of inhibition of islet amyloid polypeptide fibril formation
Excerpt from

Potential of peptides and phytochemicals in attenuating different phases of islet amyloid
polypeptide fibrillation for type 2 diabetes management

Raliat O. Abioye and Chibuike C. Udenigwe
Food Science and Human Wellness, 2020, 10(3), 259-269.

https://doi.org/10.1016/j.fshw.2021.02.017
and

Structural basis and functional significance of food-derived inhibitors of islet amyloid
polypeptide fibrillation towards antidiabetic effects

Raliat O. Abioye and Chibuike C. Udenigwe
Current Opinions in Food Science, 2024, 56(2024), 101146.

https://doi.org/10.1016/j.cofs.2024.101146
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1.2.1 FOOD-DERIVED ISLET AMYLOID POLYPEPTIDE FIBRILLATION
INHIBITORS

Several approaches are taken in type 2 diabetes (T2D) management to increase insulin
effectiveness through incretin-based approaches to increase insulin circulation (e.g., glucagon-like
peptide-1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP), and dipeptidyl peptidase
IV (DPP-1V)), the reduction of hepatic glucose production, release and reabsorption (e.g.
sodium—glucose co-transporter 2), and enzyme inhibition (e.g., a-amylase and a-glucosidase).
These approaches are geared toward treating the downstream effects of B-cell malfunction rather
than minimizing the initial source of stress contributing to the loss of B-cell mass. Nutraceuticals
are increasingly gaining interest as natural agents for reverting or slowing the progression of T2D,
given their affordability, safety, and translatability for routine use compared with pharmaceutical-
based therapies. Furthermore, many antidiabetic food-derived compounds were discovered from
the context of the inhibition of glucose-metabolizing enzymes, such as a-amylase, and a-
glucosidase, while their effects in mitigating IAPP fibrillation were not considered. Of the few
food-derived compounds identified for anti-IAPP fibrillation activity, structural diversity is quite
apparent, as is the mechanism in which [APP fibrillation is inhibited. This highlights the role of
physicochemical properties on mechanism and extent of anti-fibrillation activity. In some cases,
fibrillation inhibition occurs at the intermediate stages of fibril formation, whereas in others,
activity is observed through the disaggregation of mature fibrils into monomers and other less toxic
fibrillar intermediates. In some instances, the inhibitors exhibit anti-fibrillation activity by both

mechanisms.

IAPP fibrillation inhibitors are commonly identified in vitro via thioflavin T (ThT)
fluorescence assays, where the fluorescent dye (ThT) binds to the B-sheet-rich regions of IAPP
during fibrillation to produce fluorescence.’’ The intensity of the fluorescence is directly
proportional to the extent to which IAPP fibrillation is enhanced or diminished in the presence of
inhibitors (Scheme 1.2.1A). Because of the high throughput nature of this assay, large screening
assays for potential IAPP fibrillation inhibitors can be performed rapidly, and the extent of
inhibition can be easily quantified.”’” Additional characterization techniques such as circular
dichroism (CD) and Fourier-transform infrared spectroscopy (FTIR) are used to elucidate the

predominant secondary structures present, while techniques such as fluorescence spectroscopy,
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dynamic light scattering, molecular docking, molecular dynamics simulation, and isothermal
calorimetry (ITC) are commonly used to assess binding interactions, globular structure, and
species diversity of IAPP fibrillar intermediates in solution (Scheme 1.2.1B). In vitro cell viability
studies can be used to validate ThT fluorescence results and report on the extent at which the
identified inhibitors can provide cellular protective effects, revert IAPP fibrillation-induced
damages, and maintain cellular homeostasis (Scheme 1.2.1C). The ex vivo model system generally
consists of the isolation of pancreatic islets from diabetic animal models and treatment with hIAPP
in the absence and presence of inhibitor compounds. In this case, anti-fibrillation activity is
evaluated via the glucose-stimulated insulin secretion assay to evaluate the effect on B-cell
restoration.”® Finally, in vivo animal models are used to observe the effects of anti-fibrillation
compounds on glucose tolerance, presence of intracellular and extracellular IAPP fibrils, and

insulin sensitivity (Scheme 1.2.1D).>
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Scheme 1.2.1. (A) ThT fluorescence assay used for the identification of anti-fibrillation
compounds. (B) The effect of the inhibitors on IAPP fibrillation can be characterized via secondary

structure determination using Fourier-transform infrared (FTIR) or circular dichroism (CD). The
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extent of inhibitor binding can be characterized using isothermal calorimetry (ITC). The resulting
fibrillar species can be assessed using dynamic light scattering (DLS) and visualized using various
spectroscopic methods such as transmission electron microscopy (TEM). (C) In vitro cell culture
studies using rat insulinoma B-cells can be used to evaluate the effects of anti-fibrillation
compounds on B-cell morphology using immunofluorescence microscopy (IMF) and functionality
(oxidative stress and glucose-stimulated insulin secretion). (D) In vivo transgenic mouse or rat
models can be used to understand the role of TAPP fibrillation inhibition on blood glucose

regulation or on pancreatic f-cell morphology.
1.2.2 MECHANISMS OF INHIBITION OF IAPP FIBRIL FORMATION

Aromatic and n-m interactions have been hypothesized to play an instrumental role in IAPP
fibrillation.> > As a result, potential agents that can compete with the major interactions governing
fibril formation have been extensively studied. Preventing these interactions can lead to the
inhibition of fibril formation and mitigation of the deleterious effects of IAPP aggregation on
pancreatic B-cells. Consequently, inhibitors of IAPP fibrillation can be used in preventing and

managing T2D.
1.2.2.1 Peptides

Peptides have been attracting increasing interest as natural inhibitors of IAPP fibrillation,
toward the management, prevention, or treatment of T2D. This group of inhibitors are produced
specifically to target IAPP or can also be cross-reactive peptides that are repurposed for fibrillation
inhibition. Nonetheless, the peptides interact with some conformation of IAPP and induce local

changes, promoting the monomeric and other less harmful IAPP conformations in the process.

The use of hairpin peptides provides a novel approach to peptide-based fibrillation
inhibition which, until then, had been explored using hIAPP-derived peptide truncations with
additional modifications.!”® Through these studies, tyrosine and tryptophan-rich peptides were
observed to be more effective at fibrillation inhibition, likely as a result of the aromatic moieties
allowing for the formation of m-m interactions with the aromatic residues of hIAPP.!” In this
approach, the cyclized f-hairpin, cyclo-WW2, mimics the secondary structure that commonly
occurs in early stages of aggregation in the fibrillation pathway, subsequently competing with the

self-association propensity of IAPP. Aryl-rings of the f-hairpin allows for its more favorable
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binding to the hydrophobic hot spots of IAPP compared to the self-association with other IAPP
monomers, thus inhibiting subsequent aggregation.®® The added stability of the inhibitor by way
of cyclization further increases its potent inhibitory effects down to substoichiometric levels of
inhibitor concentration.!” Cyclo-WW2 appears to be a general fibrillation inhibitor as favorable
inhibition was also observed with other amyloidogenic peptides, such as a-synuclein.!” The study
by Sivanesam et al. provided a crucial perspective on maximizing inhibitor stability and its
potential role in potency, which is an important factor that should always be addressed when

considering feasibility.!’

The pentapeptide inhibitor FLPNF was originally designed to mimic the RLANF sequence
of the membrane-binding domain of hIAPP, where residue substitutions were made in order to
increase hydrophobicity of the peptide. The alanine residue of RLANF was substituted with a
proline to prevent the pentapeptide from forming S-strands and subsequent self-assembly.®! Based
on a BLAST search, peptide FLPNF is present in several plant-based food proteins, such as soy,
pigeon pea, cowpea and rice proteins. Anchoring of this peptide with monomeric hIAPP was
facilitated via m-m and cation-n interactions of phenylalanine and proline, as well as hydrogen
bonding afforded by the asparagine and phenylalanine residues. While it has some inhibitory
effects, its potency was not enough to completely block IAPP fibrillation.®! Based on ThT
fluorescence, a novel pentapeptide, FLPNF, reduced IAPP fibrillation by 15% after 24 hours
compared with control, with microscopy showing a reduced number and density of IAPP fibrils.
The mechanism of action of FLPNF was likely through the binding and stabilization of monomeric
IAPP, thus temporarily arresting IAPP in the lag phase for as long as possible.®! The favorable
interaction of FLPNF with IAPP was hypothesized to prevent IAPP self-association. FLPNF
favorably binds (—6.4 kcal/mol) the N-terminus and amyloidogenic regions of IAPP where it
interacts with Leul2, Phel5, and Ala25 via hydrophobic interactions, Lys1 and Argl1 via cation—
7 interactions, and Phel5 via n—m stacking interactions.*? Furthermore, the peptide inhibitor also
made contact with Asn31 of IAPP C-terminus via H-bonding. This highlights the importance of
aromaticity and amphipathicity, in addition to hydrophobicity, in enhancing IAPP binding by
peptide-based inhibitors. FLPNF successfully increased the viability of INS-1 rat cells in a dose-
dependent manner. The peptide also demonstrated cellular protective effects against rat insulinoma
(INS-1) cells by increasing cell viability by ~20% in the presence of IAPP.*? This effect was likely

due to FLPNF associating with monomeric IAPP, thus preventing the formation of toxic oligomers
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and other pre-fibrillar species. Radical scavenging studies should be considered to elucidate

potential antioxidative activities of the peptide as an inhibitory mechanism.

A different approach with synthetic peptides by Xuan et al. resulted in the creation of the
peptide, LA12, designed to specifically bind the amyloidogenic core of IAPP.®? This peptide binds
both residues 11-16 and 19-28 of the membrane-binding domain and a-helical region of IAPP
(Scheme 1.1.1). LA12 functions by inserting into the key amyloidogenic sites, destabilizing
parallel S-sheets and initiating disaggregation of existing fibrils. In addition, LA 12 associated with
monomeric IAPP at the same loci, preventing further self-aggregation by stabilizing the random
coil region.®? Consequently, a 78% reduction of fibrils was reported after 7-day incubation of IAPP
fibrils with LA12 at a molar concentration ratio range of 30:1 to 50:1, LA12:amylin.®” Based on
these findings, a comprehensive mining of the food proteome stands to provide a structurally

diverse array of natural peptide motifs with the potential to bind IAPP and inhibit its fibrillation.

Understanding the intrinsic interactions governing IAPP fibrillation is crucial when
considering peptide-based inhibitors. Notably, identifying key interactions highlights hotspots and
noncovalent interactions to be disrupted to achieve maximal inhibition. For instance, three highly
conserved aromatic residues, Phel5, Phe23, and Tyr37, are proposed to enhance self-association
and subsequent aggregation of IAPP via hydrophobic and m—m interactions.®> However, the
Phe23Leu substitution was less toxic and inhibited IAPP fibrillation the most out of several
aromatic mutations.®? Conversely, mutations at Phel5, Tyr37, or both residues had no effect or
drastically enhanced fibrillation activity and cytotoxicity. This indicates the central role of Phe23
in IAPP fibrillation, likely because of its participation in the formation of a transient B-hairpin
intermediate during fibrillation.®® This highlights the importance in the amyloidogenic region as a
domain target for potential fibrillation inhibitors. Table 1.2.1 summarizes recent examples of food-
derived peptide and polysaccharide IAPP fibrillation inhibitors, their bioactivity, and IAPP binding

interaction sites.
1.2.2.2 Polysaccharides

There is limited information on polysaccharide inhibitors of IAPP fibrillation. A recent
study reported that OHSS2, a green algae-derived sulfated galactoarabinan, dose-dependently
inhibited IAPP fibrillation by up to 30% at 200 ug/mL.** The polysaccharide also increased cell
viability in the presence of hIAPP by 44%. This suggests that the molecule also inhibited the
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formation of toxic IAPP aggregates. hIJAPP enhances reactive oxygen species (ROS) production
in cells, likely contributing to oxidative stress—related comorbidities observed in late stages of
T2D. However, OHSS2 diminished the IAPP fibrillation-induced intracellular ROS production
and oxidative stress in mouse insulinoma (NIT-1) cells. The hIAPP fibrillation-induced inhibition
of mitochondrial complexes I, II, and III activity was also restored by OHSS2 before and after
treatment, indicating its protective and recovery effects on mitochondrial activity and ATP
production levels.** The multitargeted effects of OHSS2 in decreasing IAPP fibrillation and
intracellular ROS production, increasing cellular viability, and restoring mitochondrial function

demonstrate the strong potential of food-derived polysaccharides as anti-fibrillation agents.
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Table 1.2.1. Food-derived peptide and polysaccharide inhibitors of IAPP fibrillation and fibrillation-induced cytotoxicity.

Compound Sequence/name | Source Activity Binding sites/interactions/residues Ref.
Type
Peptide cyclo-WW2 n.d. Fibrillation inhibition, n.d. 17
increased cell viability
Peptide FLPNF n.d. Fibrillation inhibition Hydrophobic interactions with Lys1, Argl1, |
and Phel5 of the N-terminus and hydrogen
bonding with Asn31 of the C- terminus
Peptide LA12 n.d. Fibrillation inhibition, n-electrostatic interactions with Argl1, n- 62
increased cell viability hydrophobic interactions with Leul2, Leul6,
and n-7 stacking interactions with Phel5 of
the membrane binding domain and alkyl-
hydrophobic interactions with Ile26 and
Leu27 of the amyloidogenic region
Polysaccharide, | OHSS2 Cladophora | Fibrillation inhibition, n.d. o4
Sulfated oligoclada | increased cell viability,
galactoarabinan ROS production and

oxidative stress inhibition,
increased mitochondrial
function

Abbreviations: n.d., not determined.
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Figure 1.2.1. Domain outline of IAPP as well as inhibitor binding regions grouped by compound
class. Bottom: amino acid sequence of IAPP showing the transient-helical region and

amyloidogenic FGAIL region.
1.2.2.3 Phenolic compounds

Polyphenolic compounds contain aromatic rings that competitively interact with the
aromatic residues of IAPP, disrupting 7-r interactions and impacting IAPP self-assembly.’? As a
result, aromatic interactions are considered to be very important to the amyloidogenic process as
they are used to stabilize the anti-parallel S-sheet structure.>* Many natural and food-derived
compounds containing multiple aromatic rings possess disaggregative properties that can disrupt
the m-m interactions and break down of IAPP fibrils. Table 1.2.2 outlines all polyphenolic
compounds and extract with anti-fibrillation activity, along with their pharmacophores discussed

in this section.

Epigallocatechin gallate (EGCG) is a well-studied polyphenol that has been repurposed as
a broad inhibitor for amyloidogenic proteins and is especially functional for disaggregating IAPP
fibrils.>>% Due to its disaggregative properties, EGCG is also able to protect rat insulinoma (INS-
1) B-cells from IAPP-induced cytotoxicity. EGCG potency assays revealed that a working ratio of
2:1to 5:1 (IAPP:EGCG) yields significant effects on lowering IAPP aggregation.®® A multitude of
interactions facilitate the binding of EGCG to hIAPP monomers, including the n-mt, van der Waals,
alkyl-alkyl, m-alkyl, conventional hydrogen bonds, and carbon-hydrogen bond interactions. The
preferential binding site of EGCG is between the coil and helix of hIAPP, specifically at Argl1,
Leul2, Serl9, Ala25, 11e26, Leu27, and Tyr37 residues (Figure 1.2.1).%¢ Due to the strong affinity
of EGCG to IAPP monomers, it is likely to successfully inhibit the formation of TAPP dimers, thus

preventing aggregation at the earlier steps of self-aggregation.®6-67
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Genistein (4,5,7-trihydroxyisoflavone), a phytoestrogen from soybeans, plays a dual role
in the inhibition of fibril formation of both hIAPP and AB.%® Genistein exclusively binds IAPP
monomers to prevent fibril formation and, upon seeding, its inhibitory abilities are effectively
minimized.®® Interaction of genistein with monomeric IAPP is facilitated through n-r interactions
afforded by the two phenolic rings of this natural isoflavone compound (Table 1.2.1). In addition,
genistein binds preferentially to the f-turn and N-terminal region of IAPP.6”*® Molecular
interaction simulations revealed that genistein binds to Lys1, Asn3, Argll1, Phel5, Vall7, His18,
Phe23, Ala25, Asn31, and Tyr37 residues of IAPP (Figure 1.2.1).% While genistein is a potent
inhibitor of fibril formation at the early stages of self-assembly, it is rendered ineffective once
nucleation has occurred.®® Despite the inability of genistein to disaggregate formed fibrils, the
polyphenol is still able to mitigate the cytotoxic effects of IAPP fibrils. This is accomplished
through genistein-induced remodeling of IAPP fibrils into unstructured aggregates, thus reducing
the cytotoxic effects on rat insulinoma (RIN-m5F) cells.®® More research should be done to identify
if other isoflavone compounds have more potent and multifaceted inhibitory mechanisms in fibril

formation beyond IAPP self-aggregation inhibition.

Lycopus lucidus, from the family Lamiaceae, is commonly consumed for its role in
traditional medicine, and also as food. Many compounds such as flavonoids and phenolic acids
have been isolated from the rhizome and studied for their health applications.®® Schizoteniun A,
lycopic acid A, and lycopic acid B are polyphenols with catechol moieties isolated from Lycopus
Iucidus and suggested to exhibit anti-aggregative properties on hIAPP.* The three compounds
showed extremely strong inhibitory effects on IAPP fibrillation with ICso values of 0.58, < 0.01,
and 0.023 pmol/L, respectively. The presence of multiple catechol moieties within their structures
supports the suggestion that m-m interactions between the phenolic compounds and monomeric
IAPP are more favorable than hIAPP self-association, thus resulting in potent inhibition of the lag
phase.® Moreover, reduction of cytotoxicity was suggested given the antioxidative activities
afforded by the phenolic compounds, which act as reactive oxygen species (ROS) scavengers.
However, the true protective abilities of these compounds against IAPP fibril toxicity still need to

be verified using cell cultures.

Rosmarinic acid, isolated from the plant Isodon japonicus, has been studied for its anti-

aggregative properties against hIAPP fibrillation.”” The aerial part of the plant are used as
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functional food and in traditional Chinese and Japanese medicine. Rosmarinic acid and its
derivative, caffeic acid, were observed to possess inhibitory abilities on IAPP fibrillation, with
ICso values of 3.1 and 57.6 pumol/L, respectively. As previously mentioned, polyphenols are known
for their ability to inhibit aggregation via the disruption of the m-m interactions between the
aromatic residues of monomeric IAPP. Hence, the stronger inhibitor potency observed for
rosmarinic acid in the lag phase may be a result of its additional catechol moieties compared to
caffeic acid. The increased aromaticity suggests the presence of a stronger affinity of rosmarinic
acid for hIAPP, facilitated by an increased hydrophobic and n-w interactions. In terms of protective
abilities, the compounds also acted as antioxidants, with rosmarinic acid exhibiting stronger effects
than caffeic acid, thus minimizing the presence and subsequent damages and cytotoxicity caused

by ROS, which become more prevalent during IAPP fibrillation.™

Dihydrocaffeic acid isolated from the Lycii Cortex, a dried root bark of Lycium chinense,
commonly used as a Chinese medicinal herb, has also been reported to exhibit dose-dependent
anti-aggregative properties towards IAPP.”! The inhibition occurred through the disruption of the
n-m interactions between the amyloidogenic regions of IAPP, possibly during the lag phase where
the interactions most frequently occur. The ICso value reported for dihydrocaffeic acid was
9.3 umol/L, which is higher than those reported for compounds with multiple aromatic moieties,
suggesting a correlation between the number of phenolic moieties present within a structure and
its potency in IAPP fibrillation inhibition.”! Interestingly, caffeic acid, a structural analogue to
dihydrocaffeic acid exhibited a significantly higher ICso value compared to dihydrocaffeic acid.
This suggests that other moieties apart from the aromatic ring may be playing important roles in
inhibitor potency. In the case of caffeic acid, the presence of a,  unsaturation seems to reduce the
potency of the inhibitor, compared to dihydrocaffeic acid, possibly by introducing structural
flexibility that potentially influence the stability of the IAPP-phenolic complex and thus reducing
binding favorability. As a result, a decreased ability for an inhibitor to form a stable complex with

IAPP would potentially diminish its sustained inhibitory role in mitigating fibrillation.

Flavonoids isolated from the halophyte Tamarix gallica L. have also been extensively
studied for its numerous biochemical and pharmacological functions.”” Hmidene et al. studied the
effects of some of the flavonoids on mitigating IAPP fibril formation, and also the effect of

flavonoids containing glucuronide moieties to provide insight on the seemingly absolute
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requirement of aromatic compounds in a potent inhibitor.”” From the studies, the strongest
inhibitory activities were observed for quercetin and its glucuronide-substituted derivative
(QGIcA), with 1Csg values of 1.8 and 1.7 pmol/L, respectively. Notably, antioxidative activities
used to mitigate the effects of ROS and reactive nitrogen species caused by the formation of
oligomeric species should be taken into consideration when evaluating inhibitor suitability and
potency. QGIcA showed a much higher antioxidant activity than quercetin.”> While the sugar
substitution itself may have enhanced the activity, it is also possible that the increased interaction
with IAPP was due to the significant increase in hydroxyl groups present on the sugar moiety, or
the solubility and accessibility of QGIlcA compared to quercetin. As a result, the glucyronide
derivative has the potential to provide a stronger protective effect on cells against damage caused
by IAPP fibrillation. It is also possible that inhibition of IAPP fibril formation occurred earlier at
the lag phase where the inhibitors are able to bind more favorably with monomeric IAPP, thus

decreasing the favorability for self-assembly and mitigating fibril formation.6”:6%

Extracted from Salvia miltiorrhiza Bge or red sage, for use as functional food and
medicine, the tanshinone class of compounds has been explored for their pharmacological uses in
treatment of a myriad of diseases.”® Notably, tanshinone I (TS1) and tanshinone IIA (TS2) were
reported to inhibit IAPP fibrillation, disaggregate preformed fibrils, and mitigate IAPP fibrillation-
induced cytotoxicity in cultured rat insulinoma cells.”® Incubation of the tanshinone derivatives
with IAPP resulted in a dose-dependent reduction in the exponential/growth phase but no effect on
the lag phase, indicating that binding of the compounds does not favor the monomeric
conformation.”> While TS1 and TS2 bind to hydrophobic and aromatic residues of IAPP, the
preferred binding sites are located on opposing ends of IAPP.”® TS1 binds the N-terminal S-strand
on the interior face, towards the U-bent cavity, interacting with Leul2, Alal3, Asnl4, Phe23,
Gly24, Ala25, and I1e26, whereas TS2 binds the exterior face of the N-terminal S-sheet at Alal3,
Asnl4, Phel5, and Leul6 (Figure 1.2.1). TS2 also exhibits favorable binding to the C-terminal -
sheet residues of Leu27, Ser28, Ser29, Val32, Gly33, Ser34, and Asn35 (Figure 1.2.1). The
mechanisms of inhibition of TS1 and TS2 are similar in that they both prevent self-association of
IAPP monomers by binding to the f-strands of IAPP sites, thus blocking elongation as well as
subsequent transformation to pleated S-sheet structure, a common hallmark of IAPP fibrillation.”

In addition to the contribution of hydrophobic interactions, charge-transfer complex interactions

31



mainly in the form of parallel (TS1) and T-shaped (TS2) n-n interactions were observed between

the terpenoids and the aromatic residues of IAPP.”?

Kukoamines A and B, also isolated from Lycii Cortex, are polyamine spermidine alkaloids
that exhibited dose-dependent inhibitory abilities against IAPP fibrillation.”! Potency was also
likely due to the aromatic rings, which enhance binding of the alkaloids to monomeric IAPP, thus
leading to a more favorable interaction than self-association with another IAPP monomer. The
ICso values for kukoamine A and B were 8.7 and 3.3 umol/L, respectively.”! Despite their
effectiveness in inhibiting IAPP fibrillation, there is a dearth of information on the aggregation
phases targeted by the alkaloids. However, it is reasonable to hypothesize that the compounds
inhibited aggregation at the lag phase where association with monomeric IAPP is more favorable
but may not be as potent in disaggregation of preformed fibrils. As both alkaloids contain the same
number of catechols, the distance between the catechol moieties and the alkylamine substitution
needs to be investigated to understand the interaction with IAPP hydrophobic pocket and in making
the IAPP binding more favorable. Notably, the alkylamine chain might enhance binding of
kukoamine B with IAPP instead of introducing stearic hindrance, especially through additional
hydrogen bonding with the amine group, thus further stabilizing its interaction with IAPP and

increasing its potency.
1.2.2.3.1 Structural requirements for phenolic compounds
1.2.2.3.1.1 Aromatic substitutions and stereochemistry

The degree of substitution and structural configuration of some compounds significantly
affect their anti-IAPP fibrillation activity. For example, flavonolignan diastereoisomers silybin A
and silybin B are trans-diasteroisomers with different configurations at stereocenters C-7" and C-
8" (7"R, 8"R in silybin A and 7"S, 8"S in silybin B).”* Silibinin, derived from milk thistle extract,
comprising of equal parts of the two flanonolignan isomers, exhibited antifibrillatory effects, with
silybin B having relatively more activity (60% fibrillation inhibition at 1:0.8, IAPP:ligand) and
cellular protective effects than silybin A (50% fibrillation inhibition). Molecular dynamics
simulation revealed more interactions of ring E in silybin B with hIAPP compared with silybin A
due to the different chirality of the stereocenter at C-7".” The methoxy and hydroxyl groups at C-
3" and C-7 of both diasteroisomers interact significantly with hIAPP, in addition to the hydroxyl
group at C-9" of silybin B as an additional contact with Thr4 and His18 of the N-terminus, Gly24-
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[le26 and Ser28-Ser29 of the amyloidogenic region, and Ser34-Tyr37 of the C-terminus of
hIAPP.”* Thus, the stereochemistry of silybin B allows for more contacts with IAPP, which

translated to increased anti-fibrillation activity.

Biflavones polyphenolic compounds have equally highlighted the importance of structural
configuration. For example, amentoflavone and bilobetin are structurally identical except for a C8
substitution of the hydroxyl group in amentoflavone with a methoxy group in bilobetin.
Consequently, amentoflavone exhibited stronger anti-fibrillation and disaggregation activity with
the hydroxyl group strongly binding the Phe23 of IAPP, a part of the amyloidogenic region that
contributes to fibrillation.” In contrast, bilobetin showed minimal and weaker contacts with Phe23,
hence its inability to effectively disaggregate preformed IAPP fibrils. Furthermore, both biflavones
exhibited increased cell-protective effects, although amentoflavone showed a stronger effect with
82.8% cell viability compared with bilobetin with 78.1% and the untreated IAPP control with
39.5%.7° Triterpenoid isomers, maslinic acid and momoridicin I, showed similar activity. In this
case, maslinic acid exhibited more potency than momoridicin I, likely because of its carboxyl
group, preventing stronger self-interactions of IAPP from occurring. Furthermore, strong
inhibition and disaggregating effects have been suggested to be driven by H-bonding and
disruption of hydrophobic interactions, electronic interactions, and salt-bridge formation between
IAPP monomers.”® Notwithstanding their structural differences, momoridicin I and maslinic acid
inhibited IAPP fibrillation effectively, providing cellular protective effects and minimizing IAPP-

induced cytotoxicity.”®
1.2.2.3.1.2 Vicinal hydroxyl aromatic substitutions

Vicinal hydroxyl groups of polyphenols, such as luteolin, fisetin, and mangiferin, are
necessary to stabilize monomeric IAPP, resulting in prolonged lag phase and inhibition of IAPP
fibrillation.”” Lag-phase elongating activity was also observed for baicalein and its aglycone,
baicalin, but in this case, the aglycone exhibited stronger anti-fibrillation activity.”” Likewise,
vicinal hydroxyl group containing polyphenolic compounds, including trans-scirpusin B, cis-
scirpusin B, trans-scirpusin A, trans-piceatannol, and cis-piceatannol, derived from passion fruit
seed, exhibited strong anti-IAPP fibrillation activity with ICso values of 3—4.4 uM, while trans-
tetramethylpiceatannol, which has vicinal methoxyl substitutions on the phenyl group, had lower

anti-fibrillation activity with an ICso of >100 uM.”
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1.2.23.1.3 Catechol moieties

Catechol moieties are important for anti-fibrillation activity and, along with redox-related
quinones and anthraquinones, are known as a broad class of strong amyloid inhibitors.” Such
effect is observed with L-clovamide and derivatives where at least one catechol moiety is required
for inhibitory activity and the potency increases with increasing number of the group.®® -
clovamide resulted in the loosening and disaggregation of preformed fibrils, and direct inhibition
of IAPP fibrillation. Furthermore, for A-type procyanidins and their derivatives, the presence and
number of catechol moieties correlated with anti-fibrillation activity.3! It is possible that the
quinone form inhibited aggregation by covalent bonding (Michael addition or Schiff base
formation) with the nucleophilic amino acid residues of the amyloid. The changes in aggregation
inhibition in relation to the number of catechol moieties are suggested to be due to this
mechanism.®® Similar anti-fibrillation and disaggregation activities were observed for some
procyanidins, such as A-type procyanidins and their derivatives.’! Washingtonia filifera seed
extracts also inhibited IAPP fibrillation and some catechol-containing compounds within the
extract demonstrated favorable binding energies with IAPP, that is, catechin (—6.9 kcal/mol),
protocatechuic acid (—4.9 kcal/mol), p-hydroxybenzoic acid (—4.5 kcal/mol), and B-type

).82

procyanidin dimer (—7.8 kcal/mol).®” This highlights the potential of plant-based foods rich in

catechol-containing compounds in developing novel anti-fibrillation nutraceuticals.
1.2.2.3.2  Polyphenols in pancreatic f-cell protection

Polyphenols have been largely identified to possess dose-dependent protective effects on
pancreatic B-cells, especially in minimizing oxidative stress.’*#* EGCG, cinnamon and red wine
polyphenols were previously reported to exert hypoglycemic effects through the modulation of
oxidative stress.®*%* While the mechanisms of these polyphenols in relation to B-cell protection
have been studied primarily in the context of their antioxidative abilities, further investigations
linking the role of polyphenols in mitigating antioxidative stress and IAPP fibrillation should be
considered. This is important given that the phenolic compounds have demonstrated IAPP binding
activities in vitro and beneficial roles in glucose metabolism, suggesting a potential link between
the two properties.®> Furthermore, IAPP fibril formation induces cellular oxidative stress, which
suggests a potential antioxidative mechanism of phenolic compounds in inhibiting IAPP

fibrillation and B-cell toxicity.*
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Table 1.2.2. Structure of natural IAPP fibrillation inhibiting compounds from different sources. Natural phenolic inhibitors of IAPP

fibrillation, IAPP-induced oxidation, and fibrillation-based cellular toxicity.

Compound Class Structure Activity Binding Pharmacopho | Ref.
(food sources) sites/interactions/residu | re

es
Epigallocatechi | Catechin jj N Fibrillation Binding facilitated with | Catechol 33,65-67
n gallate (green Ji/[ inhibition, n-t, Van der Waals,
tea) N WL WS disaggregation | alkyl, m-alkyl, H-

\[\\ \lf\wI\ of preformed | bonding, and carbon-
L /j e fibrils, hydrogen bond
ar \L;[ increased cell | interactions. Interacts
# oy | viability specifically with
o Argll, Leul2, and

Ser19 of the membrane

binding domain, Ala25,

Ile26, and Leu27 of the

amyloidogenic region,

and Tyr37 residue in

the C-terminal domain
Genistein Isoflavone s on | Fibrillation Preferentially binds the | Chromen-4- | %
(Soybean) ©/ inhibition, membrane-binding one

/@H/ increased cell | domain via n-n
- & viability interactions with Lys],

Asn3, Argll, Phel35,
Vall7, and His18. Also
interacts with Phe23
and Ala25 of the
amyloidogenic region,
and Asn31 and Tyr37
of the C-terminal
domain.
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Schizoteniun A | Alkaloid Fibrillation Binding facilitated by | Catechol 69
(Lycopus lucidu e d inhibition TT-T interactions
Lycopic acid A | Sesquiterpen N A Fibrillation Binding facilitated by | Catechol 69
(Lycopus lucidu | e J/J\\l A L, inhibition 7-T interactions
s) b 'S
Lycopic acid B | Sesquiterpen N Fibrillation Binding facilitated by | Catechol 69
(Lycopus lucidu | e l;\ | N inhibition T-T interactions
y =
L. - =

Rosmarinic acid | Polyphenolic 0 %r"“ r//\f” Fibrillation n.d. Catechol 70
(Isodon acid Ho, /\]f S g | Inhibition
Jjaponicus) oS
Caffeic acid Phenolic 0 Fibrillation n.d. Catechol 70
(Isodon acid I inhibition
Jjaponicus) ]

Ho T
Dihydrocaffeic | Phenolic Fibrillation n.d. Catechol, 7
acid (Lycium acid i inhibition fully saturated
chinense, Lycii hydroxypropy

Cortex)

| side chain
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Quercetin Flavonoid ™ 1 Fibrillation n.d. Catechol 2
(Isodon Ho inhibition
Jjaponicus) - | o
5 \"/ OH
GH O
Quercetin Flavonoid _~_on | Fibrillation n.d. Catechol, 72
glucuronide- glycoside /O/L inhibition bulk
substituted MO NS (glucyronide
derivative, ~ | — moiety)
QGIcA (Isodon Lol
Jjaponicus)
Tanshinone I, Diterpenoid Q 0 Fibrillation Binds the N-terminal - | Bulk 73
TS1 (Salvia inhibition, strand on the interior (phenanthrene
miltiorrhiza Bg C . disaggregation | face, interacting with backbone)
e) Q / l of preformed | Leul2, Alal3, and
0 fibrils, Asnl4 of the
increased cell | membrane-binding
viability domain, and Phe23,
Gly24, Ala25, and
I1e26 of the
amyloidogenic region.
Binding facilitated by
hydrophobic, n-n, and
charge-transfer
complex interactions.
Tanshinone I1A, | Diterpenoid Q 7 Fibrillation Binding facilitated by | Bulk 73
TS2 (Salvia inhibition, hydrophobic, n-, and | (phenanthrene
miltiorrhiza Bg Vi disaggregation | charge-transfer backbone)
e) " of preformed | complex interactions.
G fibrils, Binds the exterior face
increased cell | of the N-terminal f-
viability sheet at Alal3, Asnl4,
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Phel5, and Leul6, the
amyloidogenic region
with Leu27, Ser28, and
Ser29, and in the C-
terminal domain with
Val32, Gly33, Ser34,
and Asn35.

Kukoamine A | Alkaloids | Fibrillation n.d. Catechol n
(Lycium inhibition
chinense, Lycii
Cortex)
Kukoamine B Alkaloids | Fibrillation n.d. Catechol, 7
(Lycium P [ _I.| inhibition bulk
chinense, Lycii (alkylamine
Cortex) chain)
Silybin-A (milk | Flavonoligna Y \El Fibrillation Primary contacts with | Methoxy and | %°
thistle extract) | n ; @[ <~ | inhibition, Argll and surrounding | hydroxyl
I : | increased cell | residues (Ala8-Thr9 groups in
8 viability and GIn10, Leul2) in positions C-3’
the N-terminus and C-7
Silybin-B (milk | Flavonoligna P! Fibrillation Same contacts as Methoxy 25
thistle extract) | n ; @ ....% < | inhibition, silybin-A as well as group in
P 1 _Jk_ | increased cell | secondary interaction | position C-3"
. viability hotspots with Phe23 and the
and surrounding hydroxyl
residues (S20- Asn22 groups in

and Ile26-Leu27)
within the
amyloidogenic core of
IAPP

positions C-7
and 9"
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Amentoflavone | Biflavone Fibrillation H-bonding of the Hydroxyl 26
(Selaginella inhibition, compound with Asn22, | substitution
tamariscina, disaggregation | Gly24, Ile26, Ser28 of | on C8
Selaginella of preformed | the amyloidogenic
rupestris, and "| fibrils, region, hydrophobic
Ginko biloba) decreased interactions with

peptide Ala25, Ile26, Phe23,

oligomerizatio | and Leu27, some n—n

n, increased interactions with

cell protective | aromatic residues

effects
Bilobetin Biflavone Fibrillation H-bonding of the Methyloxyl 26
(Ginko biloba) inhibition, compound with Asn22, | substitution

decreased Ser28, Ala25, and I1e26 | on C8

peptide of the amyloidogenic

oligomerizatio | region, hydrophobic

n, increased interactions with

cell protective | Ala25, 1le26, Phe23,

effects and Leu27, some n—n

interactions with
aromatic residues

Maslinic acid Triterpenoid Fibrillation H-bonding with Carboxyl 27
(olive, loquat inhibition, oxygen atoms (Ol and | group, bulk

leaves, red
dates,
eucalyptus,
crape myrtle,
sage, plantain,
Prunella
vulgaris, spiny
leaf dong)

disaggregation
of preformed
fibrils,
increased cell
viability and
cell protective
effects,
reduction in
hIAPP

02) acting as donors to
Asn21 and Asn22
residues in the
amyloidogenic region,
hydrophobic
interactions with Val32,
possible electronic
interactions and salt-
bridge formation
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oligomer

formation
Momordicin | Triterpenoid Fibrillation H-bonding with the Bulk 27
(Momordica inhibition, oxygen atoms (Ol and
charantia L. J. disaggregation | O4) acting as donors to
Kimia) of preformed | Asnl4 and Asn21

fibrils, residues while O2

increased cell | acted as a H-bond

viability and acceptor from Asnl4 in

cell protective | the amyloidogenic

effects, region, hydrophobic

reduction in interactions with

hIAPP Ala25, possible

oligomer electronic interactions

formation and salt-bridge

formation
Baicalin and Extract — n\)]’\ Fibrillation n.d. Vicinal 28
baicalein flavonoids & 77 o inhibition at hydroxyl
(Scutellaria ° 3 o«| nucleation groups on the
baicalensis \Q: phase via phenyl ring
Georgi) " *| monomeric
o IAPP

stabilization,

increased cell

viability

40




L-Clovamide Polyphenol " \J\ Fibrillation ICs0 of 6.2 uM on Catechol 36
(cocoa bean- Z 7 o inhibition, hIAPP aggregation and
derived) o 3 o1| disaggregation | 5.1 uM on preformed
\C[ of preformed | hIAPP fibril
Ho | fibrils disaggregation;
o Michael addition or

Schiff base reaction

with nucleophilic

amino acid residues to

form complexes that

inhibit fibrillation or

disaggregate preformed

fibrils
Procyanidins, Polyphenol o Fibrillation n.d. Catechol, 37
A-type @OH inhibition, bulk
procyanidins, disaggregation
and derivatives of preformed
(fruits, cereals, fibrils

beans, and nuts)

Abbreviations: n.d., not determined

41




1.2.3 CONCLUSIONS AND FUTURE DIRECTIONS

The shift to identifying natural or food-derived compounds as a treatment for T2D via the
inhibition of IAPP fibril formation has several benefits, especially considering the relative safety
of these compounds compared to synthetic drugs. However, there are potential drawbacks.
Polyphenolic compounds, for example, are generally not very soluble, posing difficulties in
choosing their delivery vehicles. In addition, they may have low bioavailability, thus higher
concentrations would be ingested in order to observe beneficial effects. For the most part, these
issues have not been specifically studied for IAPP-induced toxicity and will need to be taken into
consideration when elucidating the practicality of using natural compounds for controlling the
prevalence of TAPP fibrils. Future investigations should also be considered in identifying the
governing mechanisms behind IAPP cytotoxicity as it can allow for deliberate targeted treatments.
Understanding the governing interactions controlling fibril assembly, particularly in elucidating
the importance of hydrophobic and z-z stacking in fibril formation, would be beneficial in
identifying the modes of inhibition. Furthermore, a majority of the proposed natural and food-
derived inhibitors need to be evaluated in vivo to validate their appropriateness as candidates for
controlling TAPP fibril formation and T2D treatment. In addition to aromatic moieties that are
thought to play an important role in the disruption of n-n interactions between monomeric IAPP,
the contribution of other structural factors in inhibitor potency should be investigated through
rational design and structure-function relationship studies. Lastly, there is a disproportionate focus
of research on the inhibition of IAPP fibrils and little focus on preventative measures. Particularly,
there is a need to understand the mechanisms that trigger IAPP misfolding and dimerization with
other misfolded IAPP monomers, and the role of the natural and food-derived compounds at these
early stages. A combination of the preventative and treatment approaches with natural and food-
derived compounds promises to provide a powerful, safer and effective approach for controlling

IAPP fibril formation towards the prevention, management and treatment of T2D.

42



SECTION 1.3

Potential approaches for mitigating islet amyloid polypeptide fibrillation by nutraceuticals
Excerpt from

Structural basis and functional significance of food-derived inhibitors of islet amyloid
polypeptide fibrillation towards antidiabetic effects

Raliat O. Abioye and Chibuike C. Udenigwe
Current Opinions in Food Science, 2024, 56(2024), 101146.

https://doi.org/10.1016/j.cofs.2024.101146
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1.3.1. POTENTIAL APPROACHES FOR MITIGATING ISLET AMYLOID
POLYPEPTIDE FIBRILLATION BY NUTRACEUTICALS

IAPP is largely understudied as a target for T2D management using nutraceuticals,
considering its instrumental role in disease progression through uncontrolled expression,
processing, and turnover, resulting in significant deleterious effects on pancreatic f cells.® Here,
we offer some suggestions on promising approaches that should be explored for mitigating IAPP

fibrillation using food-derived compounds, beyond the classic direct binding, for IAPP regulation.
1.3.1.1.  Role of IAPP anti-fibrillation compounds and antioxidative activity

To evaluate anti-fibrillation activity, ThT fluorescence kinetic assay is commonly used
followed by binding interaction studies, such as fluorescence spectroscopy, circular dichroism,
molecular docking, and molecular dynamics simulations. Considering that T2D is a multifaceted
disease and oxidative stress plays a significant role in its progression, IAPP interactions and
fibrillation mitigation are only half the story. Thus, future studies are needed to understand the -
cell protective effects of fibrillation inhibitors in the presence of IAPP. This is crucial because in
vitro bioactivity does not guarantee physiological effects or improved prognosis. As such, anti-
fibrillation ThT assays should be followed up with biomolecular interaction studies, assessment of
effect on oxidative stress triggered by [APP fibrillation intermediates, mitochondrial function and
recovery (related to oxidative stress), effect on membrane integrity, activation of inflammasomes,
promotion of apoptosis via procaspase 3 cleavage, B-cell viability, and ROS generation in the
presence of these compounds. These assessments would provide more comprehensive evidence to

support the antidiabetic effects of nutraceutical compounds via reduced IAPP fibrillation.
1.3.1.2.  Potential mechanism of multitarget antidiabetic compounds

A myriad of food-derived compounds have been extensively studied for their antidiabetic
properties, for example, through the inhibition of classic targets such as a-amylase, a-glucosidase,
and DPP-IV.}”%8 Some of these compounds have also shown glucose-regulating effects in vivo.
However, IAPP has not been considered as the main antidiabetic target. Thus, future research
should focus on the anti-IAPP fibrillation potential of previously identified antidiabetic
nutraceutical compounds toward a multitargeted approach to glucose regulation and T2D

prevention and management.
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1.3.1.3. Role of food-derived compounds in autophagy and the unfolded protein
response in IAPP regulation and T2D pathogenesis

Cell cycle progression 1 (CCPGI1) was identified as an endoplasmic reticulum (ER)
autophagy receptor protein that mediates IAPP degradation in mammalian cells.®® Therefore,
CCPGI1 and the unfolded protein response (via the ER-associated degradation) could be
transcriptionally regulated by nutraceutical compounds to control IAPP degradation. Furthermore,
polyphenols from various food sources have been shown to induce autophagy in vitro in human
cells and in vivo in mouse models, which may be connected to IAPP degradation.”® The anti-
fibrillation peptide, FLPNF, also demonstrated autophagy-stimulating activity, increasing the
autophagy flux, thereby promoting hIAPP oligomer degradation.”! Thus, enhancing IAPP

autophagic degradation by nutraceutical compounds is a promising area for future studies.
1.3.1.4. Biostability and bioavailability of antidiabetic compounds

The use of food as a source of antidiabetic compounds offers many benefits when
considering safety and affordability for use in T2D disease management. However, it also poses
challenges in biostability and bioaccessibility. It is possible that the extent of anti-fibrillation
activity, cellular protective effects, and PB-cell regulation observed in vitro may not directly
correspond with physiological effect after human consumption. This is because considerations for
oftf-target effects, exposure to digestive enzymes, and inefficient uptake can significantly decrease
the physiological concentration of the food-derived compounds to levels where their bioactivity is
diminished or lost. For example, rutin demonstrated potent anti-fibrillation activity, provided by
the bulky glycosidic moiety that blocks subsequent fibrillar elongation upon rutin—IAPP
complexation.”” However, rutin is poorly absorbed in the small intestine of humans and is more
readily metabolized into its aglycone derivative, quercetin. As a result, the potency of the inhibitory
activity is also diminished in the quercetin derivative relative to rutin.’? Thus, drug delivery

methods and other avenues to increase biostability and bioavailability should be considered.
1.3.2. CONCLUSION

IAPP fibrillation plays an instrumental role in T2D, making it an attractive target in
mitigating disease development. Despite emerging research, IAPP is still largely underexplored as

a physiological target of T2D compared with glucose-metabolizing enzymes, such as a-
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glucosidase, a-amylase, and DPP-IV. Nonetheless, several food-derived polyphenols, peptides,
and carbohydrates possess anti-IAPP fibrillation activity. The structure, conformation, and
composition of the compounds strongly dictate the extent of IAPP binding and anti-fibrillation
effect. Furthermore, other targets beyond the amyloidogenic region of IAPP, including the self-
associating C-terminus and the membrane binding N-terminus, are equally important for inhibitor
binding to reduce fibrillation. Future research should focus on expanding the inhibitor
characterization beyond the classic anti-fibrillation activity to consider their effect on IAPP-
mediated ROS production and oxidative stress, as well as cell membrane integrity and
mitochondrial recovery. Given the wide range of food compounds with antidiabetic activity, future
studies should elucidate if their glucose-regulating function is mediated via reduced IAPP
fibrillation. Additionally, the use of food-derived compounds in regulating unfolded, misfolded, or
aggregated IAPP turnover is highly recommended for future research. Finally, consideration
should be given to the biostability and bioavailability of anti-fibrillation compounds to ensure

translatability in T2D disease treatment.
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SECTION 1.4. RESEARCH GAPS AND PROJECT NOVELTY

A multitude of anti-fibrillation compounds have been identified from various sources and,
to some extent, their mechanisms of inhibition have also been assessed. Furthermore, systematic
mutational studies have proposed the amyloidogenic region as the main region of fibrillation and
hence, the expected target of anti-fibrillation compounds®*° To date, an increasing amount of
research has gone into the identification of natural polyphenolic compounds, from diverse sources
with varying extents of inhibitory activities against IAPP fibrillation.%”*® While considerable
efforts have gone into understanding the potential anti-fibrillation mechanisms of these phenolic
compounds by considering potential binding sites to IAPP, the consideration for the role of
inhibitor structure on activity is not always considered.”” As a result, the relationship between
structure and function of anti-fibrillation compounds and understanding general physicochemical
properties that contribute positively to activity, is still unclear. Hence, additional research into
understanding the governing interactions controlling anti-fibrillation activity, especially when it
comes to interfering with n-n stacking and hydrophobic interactions, needs further considerations.
Gaining a better understanding of these concepts will allow for a more systematic approach to the
identification or production of novel anti-fibrillation compounds for T2D prevention and

treatment.

The first part of this thesis addresses these research gaps through the screening of diverse
polyphenolic compounds for their anti-fibrillation activity. Subsequent analyses in understanding
the role of structure on activity by selecting structurally unique polyphenols, gallic acid, caffeic
acid, rutin, and quercetin, allowed for the identification of structural features, and more targeted
mechanism for anti-fibrillation activity. This provides valuable insights into the ideal phenolic
inhibitors and intermolecular interactions supporting their effects on IAPP fibrillation. Apart from
impaired bioavailability, the challenge with polyphenols is their enhanced susceptibility to
degradation by metabolic enzymes in the gastrointestinal phase. Given the metabolic nature of this
disease, this is an important consideration for anti-fibrillating compounds. As such, the effect of
digestion on anti-fibrillation activity was explored using rutin and the aglycone derivative,

quercetin, as a model.

Natural anti-fibrillating peptides from food sources are scarce. To date, only a few

unmodified peptides have been reported to have anti-fibrillation activities against IAPP.®!:8
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Equally, their structural requirements for anti-fibrillation peptides are equally understudied. This
underscores the need for the identification of anti-fibrillating natural peptides. An understanding
of their structure-function relationships will also provide important insights into structural motifs
that can enhance anti-fibrillation activity. The second part of this thesis seeks to fill this gap by
identifying anti-fibrillation peptides from screening random peptides, and then selecting inhibitors

to understand how binding interactions with IAPP influences activity and fibrillating kinetics.

IAPP fibrillation significantly impacts the health and functionality of B-cells, which is
crucial in the context of T2D, multifaceted disease.®*!%° Therefore, translating anti-fibrillation
effect of compounds in cellular environments provides an understanding of their cytoprotective
effects, and their role in mitigating IAPP fibrillation-induced cytotoxicity. It also highlights the
importance of the membrane-binding domain in B-cell toxicity; however, this region is largely
overlooked when considering anti-fibrillation activity. Hence, for the third part of this thesis, the
selected peptides were studied for their effects in maintaining cellular membrane integrity and
inhibiting IAPP fibrillation-induced B-cell toxicity. These activities are related to the differential
binding behaviors of each peptide to provide novel perspective on the role of IAPP domains in

IAPP fibrillation and associated cytotoxicity.

Additionally, multi-functional inhibitors or dual inhibitor systems to effectively prevent
IAPP fibrillation, and their downstream deleterious effects have not been considered for these
applications. This is especially important, considering the multifactorial aspects of T2D prognosis.
Given that the large extent of IAPP fibrillation-induced cytotoxicity is due to the downstream
implications of membrane interactions and impacts on membrane integrity, it is highly relevant to
understanding how inhibitor binding can mitigate these effects. The final part of this thesis
addresses dual inhibitor systems and the role of anti-fibrillation compounds on cellular protective
effects. Furthermore, the physiological implications of anti-fibrillation activity on pancreatic -

cell functionality were considered.

SECTION 1.5. RESEARCH QUESTIONS

Based on research gaps highlighted in section 1.3, the following research questions helped

shape the main idea of this study:
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1. What are the structural requirements of anti-fibrillation polyphenols in preventing IAPP
fibrillation?

2. How does the biostability (metabolism) of polyphenols affect anti-fibrillation activity?

3. What are the structural requirements of peptides and are n-m interactions really the driving
force behind anti-fibrillation activity?

4. The amyloidogenic region of IAPP is commonly targeted for anti-fibrillation compounds.
Is the ability for compounds to bind this region the main determinant of the potency of an
inhibitor?

5. How does region-specific binding of anti-fibrillation compounds influence cellular
protective effects against [APP fibrillation-induced membrane damage and cytotoxicity?

6. What are the effects of dual inhibitor systems on anti-fibrillation activity, and how do
peptide-polyphenol interactions play a role?

7. What are the physiological implications of anti-fibrillation activity on B-cell functionality?

8. In considering dual inhibition to enhance anti-fibrillation activity, beyond anti-fibrillation
activity what are other important considerations surrounding IAPP fibrillation-induced

toxicity?

SECTION 1.6. AIM OF STUDY

The aim of this thesis is to understand the structural basis and activity of food-derived anti-
fibrillation compounds, and their effects on mitigating IAPP fibrillation-induced B-cell dysfunction

and toxicity.

SECTION 1.7. SIGNIFICANCE OF STUDY

This study provided a comprehensive review of the existing natural phytochemicals with
anti-fibrillation properties and proposes some structural features of polyphenols, peptides, and
polysaccharide that contribute to enhancing activity. This thesis follows up on the hypotheses
outlined in the review, in studying the effect of structurally diverse polyphenols on anti-fibrillation
to uncover the effect of biostability on inhibiting IAPP fibrillation by using rutin and quercetin as
a model. The second aspect of this thesis sought to expand the list of known anti-fibrillation
peptides by screening random peptides for bioactivity. The binding interactions between the

peptides and IAPP were elucidated and used to understand their role in activity. Furthermore, the
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third aspect of this thesis explored the effect of peptide-IAPP regional binding in maintaining [3-
cell membrane integrity and fibrillation-induced toxicity. This study highlighted the role of
regional binding on activity and provided novel perspectives on the importance of the membrane-
binding and C-terminal self-association domain on IAPP fibrillation and associated B-cell toxicity.
The final study, to our knowledge, is the first time a dual inhibition system is applied towards IAPP
fibrillation. This research provides important perspectives on the potential of multifunctional
compounds and their role in reverting the deleterious effects associated with IAPP fibrillation on
B-cell viability and functionality. Overall findings from these studies expands existing knowledge
about anti-fibrillation compounds, particularly considering structure-activity relationships, IAPP

binding interactions, and the resulting effect on mitigating IAPP fibrillation-induced cytotoxicity.
SECTION 1.8. THESIS LAYOUT
The chapters of this thesis addressed the various research objectives comprehensively as follows:

Chapter two addressed the first objective by screening various polyphenols for potential anti-
fibrillation activity, and then selecting structurally different compounds to understand the role of
structure on activity. Furthermore, the effect of biostability on activity was considered by using

rutin and its metabolite, quercetin, as a model.

Chapter three addressed the second objective of expanding the amount of known peptide
fibrillation inhibitors by screening a peptide library for anti-fibrillation activity. Binding
interaction studies highlighted the effect of regional IAPP binding on activity.

Chapter four followed up on the previous study by elucidating the effects of regional IAPP

binding on maintaining membrane integrity and IAPP fibrillation-induced p-cell toxicity.

Chapter five addressed the final goal by considering the effect of dual inhibition systems and
peptide-polyphenol interactions on anti-fibrillation activity. These activities were also applied to
pancreatic B-cells to understand their effect in maintaining cell viability and functionality in the
presence of IAPP and provides insights into the importance of multifunctional compounds in IAPP

fibrillation inhibition.

The conclusion is given in Chapter six, along with a summary of the major discoveries from this

study, and suggestions for further investigation.
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CHAPTER TWO

IDENTIFICATION OF ISLET AMYLOID POLYPEPTIDE ANTI-FIBRILLATION
POLYPHENOLS: THE ROLE OF STRUCTURE AND BIOSTABILITY ON FUNCTION

51



Inhibition of islet amyloid polypeptide fibrillation by structurally diverse phenolic
compounds and fibril disaggregation potential of rutin and quercetin

Raliat O. Abioye and Chibuike C. Udenigwe
Journal of Agricultural and Food Chemistry, 2022, 70(1), 392-402.

https://doi.org/10.1021/acs.jafc.1c06918
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2.0. Abstract

The influence of 12 food-derived phenolic compounds on islet amyloid polypeptide (IAPP)
fibrillation was investigated. Results from thioflavin T assay demonstrated that gallic acid, caffeic
acid, and rutin and its aglycone, quercetin, inhibited IAPP fibrillation at 1:0.5, 1:1, and 1:2 IAPP-
phenolic molar ratios. Circular dichroism and dynamic light scattering at the 1:1 IAPP-phenolic
ratio confirmed the inhibition of fibril formation. Rutin and quercetin increased the lag time by 90
and 6%, and the relative a-helix content by 63 and 48%, respectively. Gallic acid decreased the
elongation rate by 30%, whereas caffeic acid decreased the maximum fluorescence intensity by
65%. Furthermore, fluorescence microscopy and transmission electron microscopy (TEM) showed
IAPP fibril morphologies indicative of fibrillation reduction by the compounds. Molecular docking
and TEM showed that rutin and quercetin disaggregated preformed IAPP fibrils potentially
through fibrillar-monomeric equilibrium shifts. These findings demonstrate important structural

features of phenolic compounds for disaggregating IAPP fibrils or inhibiting their formation.

Keywords: islet amyloid polypeptide; fibril formation; phenolic compounds; aggregation;

disaggregation; structure—activity relationship
2.1. Introduction

Islet amyloid polypeptide (IAPP), or amylin, is a hormonal, 37-residue polypeptide that
functions primarily in postprandial glucose metabolism.*!°! Co-produced and co-packaged along
with insulin by the B-cells of the pancreatic Islets of Langerhans, IAPP plays an instrumental role
in regulating blood glucose levels.!”? Aggregation of IAPP has been implicated in the further
exacerbation of type-2 diabetes. In fact, IAPP fibrillation occurs in 90-95% of patients with
T2D.%"19 Consequently, IAPP fibrillation has been identified to play an instrumental role in the
loss of B-cell mass, resulting in the worsening of T2DM prognosis.'% Despite its common
prevalence in patients with T2DM, medication for treating IAPP fibrillation currently does not
exist. Furthermore, antidiabetic drugs that target B-cells for the upregulation of insulin production
inadvertently result in IAPP production, thus increasing the likelihood for subsequent IAPP
fibrillation.

IAPP mature insoluble fibrils are highly cytotoxic to pancreatic B-cells due to their ability

to permeate the membrane of B-cells, thus reducing membrane integrity through mechanical stress,
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increasing the presence of reactive oxidative species, disrupting ion homeostasis and signal
transduction, and directly activating enzymes involved in cell death, among other deleterious
effects.#6:100:105.106 AJternatively, cytotoxicity could be a result of the formation of transient soluble
preamyloid oligomeric species, which are able to disrupt and permeabilize cell membranes through
the formation of pores.®® This is particularly the case with many intrinsically disordered proteins
in membrane models. Notably, anchoring of the peptide monomers to the membrane, via the
membrane-binding domain in the case of IAPP, allows for subsequent dimerization and rapid
formation of oligomeric B-sheet species.”!?”-1% Membrane disruption via prefibrillar species is
electrostatically driven whereby the prefibrillar species embed within one side of the bilayer,
effectively disrupting lipid packing while enhancing the dysregulated flow of water, ions, and
small molecules across the bilayer.!”” This causes an imbalance in Ca®"influx and triggers
apoptotic pathways.*!°” Regardless of how inert fibrillar IAPP is sometimes portrayed, secondary
nucleation caused by the fragmentation of mature fibrils can still give rise to oligomeric species in
the presence of membrane lipids.!%” 1% Therefore, it is imperative to discover IAPP-targeting

inhibitors that discourage fibrillation for the prevention, management, and treatment of T2D.

Given the central role of IAPP in T2D, natural inhibitors of IAPP fibrillation, such as
phenolic compounds, terpenoids, alkaloids, and peptides, have been reported.** %! [t is likely
that IAPP fibrillation inhibition contributes as an antidiabetic mechanism of these compounds,
especially the food-derived phenolic compounds. For instance, rutin, a flavonol glycoside, has
been noted for its drug-like antidiabetic effects in mice and as one of the most active flavonoids in
improving glucose tolerance and reducing fasting blood glucose and serum lipid levels.!!? Gallic
acid has also been reported to increase glucose tolerance and regenerate pancreatic islet B-cells in
mice models of T2D.''® While the exact anti-diabetic mechanism of gallic acid has not been fully
elucidated, it is believed to play an important role in normalizing biochemical parameters related
to T2D, such as increasing plasma insulin, C-peptide, and glucose tolerance levels.!'* Last, caffeic
acid has demonstrated antidiabetic effects through its protective effects on P-cells via gene

regulation.'!?

Despite the structural diversity of natural polyphenolic inhibitors of IAPP fibrillation, their
structure—function relationship is still not clear. Understanding these concepts will allow for the

identification of more targeted mechanisms of natural inhibitors for T2DM prevention and
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treatment. Therefore, the objectives of this study were to investigate (i) structurally diverse food-
derived phenolic compounds for the inhibition of IAPP fibrillation and (ii) the structure—function
aspects of selected phenolic inhibitors to understand the criteria that govern inhibition mechanisms
of fibrillation. The study provides valuable insights into the ideal phenolic inhibitors and

intermolecular interactions supporting their effects on IAPP fibrillation.

2.2. Materials and Methods
2.2.1. Chemicals and Reagents

Human IAPP [amylin (1-37), human, >95% pure] containing an amidated C-terminus and
Cys2-Cys7 disulfide bond was purchased from AnaSpec (Fremont, CA). 1,1,1,3,3,3-Hexafluoro-
2-propanol (HFIP), ThT, phenolic compounds (gallic acid, naringenin, sinapinic acid, 4-
hydroxybenzoic acid, gentisic acid, caffeic acid, chlorogenic acid, ferulic acid, p-coumaric acid,
syringic acid, rutin, and quercetin), Tris base, sodium phosphate monobasic, and sodium phosphate
dibasic were purchased from MilliporeSigma (Oakville, ON). UranylLess counterstain was

purchased from Electron Microscopy Sciences (Hatfield, PA).
2.2.2. IAPP Preparation

To ensure disaggregation of potential fibrils prior to analysis, 1 mg of IAPP was dissolved
in 10 mL of HFIP on ice for 30 min and then stored in 1 mL aliquots of 0.1 mg/mL per tube.
Aliquots were sonicated in an ice water bath for 30 min and subsequently centrifuged at 14,000xg
for 30 min. Samples were frozen overnight at —80 °C and lyophilized the following day. The
resulting pellets were stored at —80 °C until use. Pellets were redissolved by first adding 12.5%
(v/v) HFIP, and then brought to 1 mL with buffer. For circular dichroism (CD) analysis, 100 mM
phosphate buffer (pH 7.4) was used as the diluent, and for all other analyses, 1 M Tris buffer (pH

7.4) was used.
2.2.3. ThT Fluorescence Screening Assay

The 12 phenolic compounds were screened for inhibitory activities at three different
IAPP:phenolic ratios, 1:0.5, 1:1, and 1:2. Initially, 10 mM stock solutions of the phenolic
compounds were predissolved with 7.3% dimethyl sulfoxide (v/v) in 1 M Tris buffer (pH 7.4).
Assays were then performed in triplicate using black 96-well microplates with clear bottoms, and

each 200 pL assay mixture contained 5 uM TAPP, phenolic compound (2.5, 5, or 10 uM), and 10
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uM ThT in 1 M Tris buffer (pH 7.4). Plates were sealed with Parafilm prior to fluorescence
measurements to minimize evaporation. Fluorescence intensity was measured at Aex 430 nm and
Aem 480 nm using the Spark multimode microplate reader (Tecan, Stockholm, Sweden) in kinetic
mode, where a bottom measurement was taken every 15 min for 50 h at 37 °C. Results were
presented as means, and kinetic parameters were calculated using the nonlinear regression
Boltzmann sigmoid function from GraphPad Prism version 9.1.2 for Windows (GraphPad

Software, La Jolla, CA), as shown in eq 2.1:

_ (Fi+Fy)

FObS - t1-tops
1+exp| -2 -

Fyps 1s the log fluorescence intensity observed at time t,ps, F; and Ff are the initial and final ThT

2.1

fluorescence, respectively, t1 is the time taken to reach half the elongation phase, and t is the
2

reciprocal of the kinetic elongation constant, K, an apparent rate constant that describes the growth
of fibrils during the elongation phase. Furthermore, the lag time (h) of IAPP fibrillation for each

sample was calculated using eq 2.2

lag time = t1 — 21 2.2

2

2.2.4. CD Spectroscopy

Changes in the IAPP secondary structure in the absence and presence of caffeic acid, gallic
acid, rutin, and quercetin were evaluated using the Jasco J-715 CD spectrophotometer (Jasco
Corp., Tokyo, Japan). Measurements were performed at an IAPP:phenolic molar ratio of 1:1 and
a final individual IAPP and phenolic concentration of 20 uM, in 100 mM phosphate buffer (pH
7.4). Each sample was measured at two time points, initial (0 h) and final (48 h), using a quartz
cuvette with a path length of 1 mm at room temperature in nitrogen gas. Three scans were recorded
and averaged at a wavelength range of 185-260 nm at a scanning speed of 100 nm/s. Samples
were incubated at 37 °C between the initial and final measurements. Baseline subtraction of the
spectral output was performed using a phosphate buffer blank and then converted into mean
residue ellipticity (deg cm2 dmol-1) using a mean residue weight of 105.49 Da and an IAPP
concentration of 0.078 mg/mL. All data processing was performed using CDToolX. Plotting and

smoothing of the resulting data were done with GraphPad Prism version 9.1.2 for Windows
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(GraphPad Software, La Jolla, CA). The calculations for secondary structure contents in each

sample were performed using the CD fitting software, BeStSel.!!¢
2.2.5. Fluorescence Microscopy

The progression of IAPP fibrillation in the absence and presence of phenolic inhibitors
caffeic acid, gallic acid, rutin, and quercetin at a ratio of 1:1 was observed throughout the process.
Four time points, 0, 10.5, 24, and 48 h, representing the lag, mid-exponential, early stationary, and
late stationary phases, respectively, were investigated. An initial sample of 5 uM IAPP incubated
with 5 uM of the respective phenolic inhibitor and the control were incubated at 37 °C. At each
time point, 30 pL of the sample was mixed with 10 uM ThT and then incubated in the dark for 2
min at 25 °C. Thereafter, samples were visualized using the Axio Imager 2 fluorescence
microscope equipped with an Axiocam 506 camera (Carl Zeiss, Germany) using the FITC channel
with Aex 495 nm and Aem 519 nm. Images were processed using the Zen 2.3 pro software (Carl

Zeiss, Germany).
2.2.6. Dynamic Light Scattering

Dynamic light scattering was performed using a Nano-ZS Zetasizer (Malvern Instruments
Ltd., Malvern, UK) to determine the average particle size and polydispersity of the IAPP-phenolic
samples. Samples consisted of IAPP:phenolic ratios of 1:1 with 5 pM of each component added
to 1 M Tris buffer (pH 7.4) and incubated at 37 °C. Measurements were taken in triplicate at the
initial (0 h) and final (48 h) time points.

2.2.7. Transmission Electron Microscopy

To characterize the types of fibrils formed in the presence of phenolic inhibitors caffeic
acid, gallic acid, rutin, and quercetin, transmission electron microscopy (TEM) was performed at
an [APP:phenolic ratio of 1:1. In each sample, 5 uM IAPP and 5 uM phenolic compound were
added to the 1 M Tris buffer (pH 7.4) to a final volume of 100 pL and the mixture was incubated
at 37 °C for 48 h. From each sample, 10 pL of the aliquot was placed on a 300-mesh Formvar—
carbon-coated copper grid on Parafilm for 2 min and the excess sample was blotted with
Kimwipes. Thereafter, grids were stained with UranyLess for 1 min in the dark and excess was

removed. Samples were imaged using a transmission electron microscope (JEM-1400Flash
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Electron Microscope, JEOL, Tokyo, Japan) with an accelerating voltage of 120 kV. Fibril length

and diameter measurements were performed using the ImageJ software (NIH, Bethesda, MD).!!”
2.2.8. Fibril Disaggregation Analysis

To observe the effects of rutin and quercetin on preformed fibrils, IAPP was incubated at
37 °C for 48 h and then imaged by TEM. Afterward, an equimolar ratio of IAPP and rutin or
quercetin was added. At 1, 22.5, and 47.5 h after the addition of phenolic compounds, sample
aliquots were placed on the grids and TEM imaging was performed as outlined previously.

Samples were incubated at 37 °C throughout the experiments.
2.2.9. Molecular Docking Analysis

Molecular docking was carried out with UCSF chimera software version 1.15 interfaced
with Autodock vina package version 1.2.2 using a monomeric IAPP model retrieved from the
RCSB Protein Data Bank (PDB code 2L86).!'%!" Prior to docking, structural optimization was
performed to minimize internal clashes, solvents excluded, and Gasteiger charges and polar
hydrogen atoms were added while ignoring nonstandard amino acid residues. Blind docking was
performed by selecting the entire region of the monomeric IAPP at a grid box dimension, center:
2.778310, 0.858269, and —0.399841 and size: 27.7853, 28.3178, and 12.8696. The docking score
of the best pose was selected, residues within 3 A were highlighted, and intermodel hydrogen

bonds were determined by relaxing the constraints by 0.4 A and 20°.
2.2.10.  Statistical Analysis

Experiments were conducted in triplicate, and results were expressed as mean + standard
deviation. Statistical analysis was performed using the one-way analysis of variance (ANOVA)
using GraphPad Prism version 9.1.2 for Windows (GraphPad Software, La Jolla, CA). Significant

difference between mean values was defined at p < 0.05 using Dunnett’s multiple comparison test.

2.3. Results and Discussion
2.3.1. Molar Ratio and Structural Dependence of Phenolic Compounds on the IAPP
Fibrillation Inhibitory Activity

ThT fluorescence analysis was used to select polyphenols that inhibited IAPP fibrillation

and characterize the mechanism of inhibition through the kinetic fibrillation parameters. As shown
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in Figure 2.1, it is evident that the phenolic structure and molar ratio affected the inhibition
mechanism and potency. For example, naringenin showed molar ratio-dependent inhibition of
IAPP fibrillation where at a lower molar ratio (1:0.5), naringenin inhibited IAPP fibrillation, while
at higher molar ratios (1:1 and 1:2), fibrillation was promoted based on ThT fluorescence (Figure
2.1 and Figure S2.1). It is possible that the flavone structure of naringenin (Figure 2.2) encourages
n—m stacking or hydrophobic interactions with IAPP, which have been postulated as driving forces
in promoting IAPP oligomerization and subsequent fibrillation.*!2%!2! Such interactions may also
facilitate the seeding of IAPP fibrils and encourage bypassing of the nucleation step during
fibrillation. This phenomenon could explain the significant shortening of the lag phase as observed
with the addition of naringenin to IAPP at 1:1 and 1:2 M ratios (Figure 2.1, Table 2.1, and Figure
S2.1C).*° Similar results were reported for epigallocatechin gallate where the promotion of
AP4> aggregation was observed at increasing molar ratios, equally characterized by a decrease in
lag time.'?> Naringenin was previously reported as potentially antidiabetic as its intake was
associated with significantly lower T2D risk in humans, and it also inhibited IAPP fibrillation in
vitro.”*!?> Conversely, molar ratio-dependent increase in inhibitor potency was observed when
IAPP was incubated with sinapinic acid, with minimal deviation in IAPP fibrillation, compared to
the control at the lowest inhibitor molar ratio (Figure S2.1A). The inhibitory effects at a higher
molar ratio, indicated by a lower F,,,, compared to the IAPP control, suggests that the phenolic

compound also influenced the later phase of fibrillation (Figure 2.1, Table 2.1, and Figure S2.1B).
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Figure 2.1. ThT fluorescence-monitored kinetics of the IAPP fibrillation process in the absence
(control) and presence of the 12 phenolic compounds at IAPP:phenolic molar ratios of 1:1. The
inset shows the kinetics during the first 6 h of fibrillation.
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Figure 2.2. Chemical structures of all polyphenolic compounds evaluated for inhibitory activities

using ThT fluorescence kinetics.
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Table 2.1. Parameters for thioflavin-t fluorescence-monitored kinetics of IAPP fibrillation ata 1:1

IAPP:phenolic molar ratio

t1 T K Lag time (h) | F, 4y
2
control 24.95 7.66 0.13 3.00 99.76
gallic acid 25.31 10.81 0.09 2.16 63.27
naringenin 16.57 8.75 0.11 1.66 130.3
sinapinic acid 17.91 12.11 0.08 1.31 78.43
4-hydroxybenzoic acid | 30.98 7.92 0.13 3.66 87.53
gentisic acid 25.58 7.78 0.13 3.03 49.63
caffeic acid 7.09 6.34 0.16 0.80 34.46
chlorogenic acid 12.23 13.80 0.07 0.74 66.97
ferulic acid 31.84 18.55 0.05 1.61 159.8
p-coumaric acid 30.02 8.42 0.12 3.33 54.70
syringic acid 20.87 2.57 0.39 7.35 33.98
rutin 26.95 4.38 0.23 5.69 19.83
quercetin 9.38 2.31 0.43 3.19 49.67
Abbreviations: t1, time at half transition in hours; K, elongation constant; and F,,,,, maximum
2

relative fluorescence intensity reached.

Of all phenolic compounds investigated, ferulic acid did not inhibit IAPP fibrillation,
independent of the molar ratio. Rather, it had an enhancing effect, indicated by higher F,,,,, except

at the highest molar ratio, as well as reduced t: and lag phase, while the elongation constant
2

increased compared to the IAPP control (Figure 2.1, Table 2.1, and Figure S2.1). This indicates
that the addition of ferulic acid may have expedited the nucleation step that initiates IAPP

aggregation. Moreover, the shortened lag phase and t1 indicate that ferulic acid influenced the
2

elongation phase since this phase occurred earlier and faster compared to the IAPP control.
Although a higher F,,, indicates the presence of fibrillar species compared to the IAPP control,
it may also indicate the aggregation of the IAPP—phenolic complexes. However, this effect
disappeared at higher molar ratios of ferulic acid where it inhibited IAPP fibrillation. Previously,
ferulic acid was reported to inhibit IAPP fibrillation by 27.7% at 40 uM, which is similar to our
findings.'”* However, our study provides more insights into the potentially phase-specific

inhibitory effects of ferulic acid on IAPP fibrillation.

Based on ThT fluorescence kinetics, there are notable patterns between the structural

features of the phenolic compounds and fibrillation inhibitory activities. For example, phenolic
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compounds with catechol moieties, such as chlorogenic acid, caffeic acid, rutin, and quercetin
(Figure 2.2), were more active inhibitors of IAPP fibrillation compared to other compounds, such
as sinapinic acid. It is possible that the hydroxyl groups of the catechol form hydrogen bonds with
IAPP, thus stabilizing TAPP monomers and preventing their subsequent conversion into B-sheets
for fibrillation. The presence of catechol moieties in active compounds against fibrillation has been
previously attributed to increased inhibitor potency.”? Consequently, rutin, which contains a
catechol and equally has the highest number of hydroxyl groups, resulted in the longest lag phase
at 18.2 h, almost double the lag phase of the IAPP control (Figure 2.1, Figure 2.2, Table 2.1, and
Figure S2.1). This suggests that the interactions between the inhibitor and IAPP can arrest IAPP
in its monomeric form and thus prevent or delay its subsequent aggregation through this

mechanism.

Furthermore, gallic acid, 4-hydroxybenzoic acid, caffeic acid, chlorogenic acid, and rutin
consistently discouraged IAPP fibrillation, independent of their molar ratio. This is the first report
of inhibition of IAPP fibrillation by 4-hydroxybenzoic acid. Caffeic acid and chlorogenic acid have
been previously reported to dose-dependently inhibit IAPP fibrillation.*!2>12¢ Gallic acid was
shown to possess anti-fibrillar activity against -amyloid, and rutin has also been demonstrated to
disaggregate oligomers and suppress misfolding in silico and effects of misfolded IAPP in
transgenic mice.®”12”12% Due to differences in structural backbones and substituents (Figure 2.2),
gallic acid (hydroxybenzoic acid), caffeic acid (hydroxycinnamic acid), rutin (flavonol glycoside),
and quercetin (flavonoid) were selected from the active phenolic compounds for further
biomolecular studies to elucidate structure—function relationships and phase-specific inhibition
mechanisms. Gallic acid appears to inhibit the exponential phase of IAPP fibrillation indicated by

the increased t1 value and reduced elongation rate, K. Considering the shortened lag phase, gallic
2

acid possibly encouraged IAPP seeding but slowed down fibril growth in the elongation phase.
Conversely, caffeic acid appears to discourage late-phase fibrillation based on the characteristic
three-fold reduction in F,,,, compared to the IAPP control (Figure S2.1). Visually, caffeic acid
induced a faster rate of fibrillar growth initially resulting in undetectable lag phase and near-

absent t1. However, an early plateau was attained compared to the IAPP control (Figure 2.1).
2

Gallic acid and caffeic acid were both reported to prevent the conversion of A4 protofibrils into

mature fibrils, suggesting that the observed inhibitory effects in the exponential and stationary
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phases of IAPP fibrillation are likely through similar fibrillation inhibition mechanisms.'?° Rutin
strongly inhibited the lag phase of IAPP fibrillation, resulting in almost doubling of the lag phase
compared to the IAPP control (Figure 2.1 and Table 2.1). This effect is supported by molecular
dynamics and binding interaction simulation studies, which suggested that rutin binds and
disaggregates IAPP pentamers, thus preventing the formation of oligomers and subsequent
fibrillation.®’ Finally, quercetin showed slight inhibitory effects against IAPP fibrillation at 1:0.5
and 1:1 M ratios, while at the highest molar ratio, it appeared to induce fibrillation, characterized

by the shortening of the lag time by almost half (Figure 2.1, Table 2.1, and Figure S2.1).

2.3.2 Effect of Phenolic Inhibitors on the IAPP Secondary Structure during IAPP
Fibrillation

To evaluate the effect of the selected inhibitors on the IAPP structure in the late stationary
phase, CD spectroscopy was carried out before and after the 48 h incubation period. The
IAPP:phenolic ratio of 1:1 was used to achieve IAPP fibrillation inhibition and avoid potential
self-aggregation of the inhibitor that may occur at higher molar ratios. Consistent with the ThT
fluorescence kinetic results, the structurally different phenolic compounds exhibited varying
modes of IAPP fibrillation inhibition as shown by the differing secondary structures present before
and after fibrillation (Figure 2.3). A shift from a negative peak at 222 nm in control IAPP to a
double negative peak at 227 and 208 nm in [APP with rutin indicates a shift toward higher total a-
helical content (Figure 2.3). This confirms the ThT fluorescence data that rutin suppressed the lag
phase of TAPP fibrillation. Furthermore, rutin appears to have disaggregative properties because
of the increased a-helical structures and decreased pB-sheet contents after 48 h incubation (Figure
S2.2). This observation confirms the previously proposed inhibition mechanism of rutin based on
molecular docking studies.®” This secondary structural pattern demonstrates that rutin may have
reverted the preformed fibrillar structures into the monomeric a-helical confirmation while also
stabilizing the IAPP monomer structure, indicated by the higher proportion of regular a-helices

compared to the distorted counterparts (Figure 2.3 and Figure S2.2).
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Figure 2.3. CD spectra of IAPP in the absence (control) and presence of the phenolic inhibitors at
the (A) starting point (0 h) and (B) after 48 h of incubation. GA, gallic acid; CA, caffeic acid; R,

rutin; and Q, quercetin.

Furthermore, quercetin showed a similar pattern in the relative secondary structure
compared to rutin. After 48 h incubation, the a-helical content appears to increase more than other
treatments with the double negative peaks at approximately 225 nm with a shoulder at
approximately 210 nm (Figure 2.3 and Figure S2.2). Equally, the increase in the relative a-helical
content in the late stationary phase suggests disaggregatory effects of quercetin. The relative
secondary structure of quercetin compared to that of rutin at the initial and final timepoints follows
the same trends indicated by an increase in the a-helical content, unchanged f-sheet content, and

decrease in turns and “others”.

In the presence of caffeic acid, the CD spectra indicates that the inhibition of IAPP
fibrillation was more prominent at the stationary phase rather than during fibril elongation, which
corroborates the fibrillation kinetic results. The strong negative peak originally observed at 220
nm was significantly reduced after 48 h, which indicates a reduction in the B-sheet contents.
Moreover, a decrease in the a-helical content from 21.2 to 14.6% indicates that the disaggregated
fibrils likely remained as random coils (Figure S2.2). Although gallic acid was observed to inhibit
IAPP fibrillation based on ThT fluorescence kinetics, the CD spectra indicates that the extent of
its inhibitory activity is lesser compared to the effects of caffeic acid and rutin. The strong negative
peak observed at 220 nm retained about the same intensity from time O to 48 h (Figure 2.3).
Similarly, the relative secondary structure contents were consistent across the two time points

(Figure S2.2). This suggests that gallic acid inhibited the progression of IAPP fibrillation, but
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disaggregation or inhibition of IAPP nucleation likely did not occur since the total a-helical content

was relatively the same before and after fibrillation.

Both rutin and caffeic acid were identified to possess potential disaggregative properties,
in addition to inhibitory activities. Caffeic acid and rutin are relatively bulkier than gallic acid,
caffeic acid with the a,B-unsaturated monocarboxylic acid group and rutin with the rutinose
(disaccharide) moiety attached to the bulky 3-hydroxyflavone backbone (Figure 2.2). This

suggests the potential link between the molecular size of inhibitors and disaggregative properties.
2.3.3. Effect of Phenolic Inhibitors on the Fluorescence Morphology of IAPP Fibrils

Visualization of fibrillation progression was done via ThT fluorescence microscopy at four
time points 0, 10.5, 24, and 48 h, which represent the lag, mid-exponential, early stationary, and
late stationary phases, respectively (Figure 2.4). Gallic acid lowered the duration of the
exponential phase because of the consistently shortened and smaller fibrillar species present in
early and late stationary phases of the treated sample compared to those of the IAPP control
(Figure 2.4). It is possible that caffeic acid initially enhanced IAPP fibrillation, leading to late
exponential/early stationary phases where larger aggregates are observed compared to the IAPP
control. However, in the later stages of fibrillation, starting from the early stationary phase, the
relative sizes of the aggregates were consistent and later reduced in the late stationary phase
(Figure 2.4). This observation supports the conclusions from ThT fluorescence kinetics and CD
spectra that caffeic acid influenced fibrillation within the later phases, with the potential
disaggregation mechanism. Fluorescence images also confirmed that rutin stalled the lag phase
where minimal fluorescence is observed in the first 24 h of incubation, indicating the suppression
of IAPP fibrillation. Even in the late stationary phase where the resulting IAPP fibrillar structures
are present, the fibril morphology was altered by rutin compared to the IAPP control, suggesting
the presence of disordered IAPP species or nonmature fibrils (e.g., protofibrils) late into the
fibrillation process (Figure 2.4). ThT fluorescence microscopy of IAPP with quercetin shows a
different fibrillation pattern (Figure 2.4). In the presence of quercetin, fibril growth slowed down
after 10.5 h wherein fibril sizes appeared to remain constant but increased in amount by 48 h. This
differs from the fluorescence image for the control, which shows the occurrence of fully formed

mature fibrils by 48 h (Figure 2.4).
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Figure 2.4. Time-course ThT fluorescence microscopy of IAPP in the absence (control) or
presence of the phenolic compounds at an IAPP:phenolic ratio of 1:1. GA, gallic acid; CA, caffeic

acid; R, rutin; and Q, quercetin. Scale bars represent 50 um.
2.34. Effect of Phenolic Inhibitors on the Progression of IAPP Fibrillation

Dynamic light scattering was performed to monitor the changes in size distribution and
polydispersity index (PDI) of the IAPP species before and after fibrillation in the presence of the
phenolic inhibitors. The average apparent hydrodynamic radii of IAPP fibrils at the end of the

stationary phase was reported to get as large as 1100 nm.?¢ As expected, a significant increase in

67



average particle size was observed upon the addition of the phenolic inhibitors (Figure 2.5A).
Although comparable to the size range indicative of fibrillation, this immediate size increase could
be due to the complexes formed by interactions between the phenolic compounds and IAPP
monomers. This is illustrated by the shift toward an increase in particle radius distribution peaks
of phenolic inhibited samples above 1000 nm compared with the control (Figure S2.3). A further
increase in average particle size was observed post 48 h incubation. No significant difference in
particle size was observed between the gallic acid, caffeic acid, and rutin-inhibited samples, and
IAPP control. This reflects the inevitable fibrillation of TAPP, presence of IAPP-phenolic
complexes, or disordered and nonfibrillar IAPP species in the samples. Additionally, no significant
difference was observed in the average PDI between the IAPP control and inhibited samples
(Figure 2.5B). After the 48-h incubation, an increase in PDI was observed, indicating an increase
in the heterogeneity of species produced during IAPP fibrillation. An increase in PDI is also
characteristic of the progression of IAPP fibrillation from the lag phase to the exponential phase,
accompanied by the formation of new particles that indicate protofibrils.?® Additionally, it could
also indicate the fragmentation of larger fibrillary aggregates into smaller species, thus forming
seeds to produce additional fibrils in the process. On the other hand, a significant increase in
average particle radius compared to the control was observed with quercetin-inhibited samples
(Figure 2.5A). This trend continued after 48 h of incubation with a 3.58-fold increase in particle
radius in the presence of quercetin (Figure 2.5A). This is countered with a decrease in average
PDI from 0.9 (which is significantly higher than the control) to 0.33 after 48 h (Figure 2.5B). The
concomitant increase in average particle radius and decrease in PDI suggest the presence of large
aggregates at the end of the 48-h incubation period. This is supported by a single peak observed at
10, 800 nm, indicating the uniformity of species present (Figure S2.3B).
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Figure 2.5. Average particle size (Z-Ave) radius (A) and PDI (B) of species present in IAPP
samples before (0 h) and after (48 h) incubation in the absence and presence of the phenolic

compounds. *= significant (0.01 < p < 0.05) and **= very significant (0.001 <p <0.01).
2.3.5. Effect of Phenolic Inhibitors on IAPP Fibril Morphology

TEM analysis was used to better characterize the types of fibrils formed and effect of the
phenolic inhibitors on IAPP fibril morphology. The TEM image of the IAPP control revealed the
formation of dense fibrils in addition to the presence of compact aggregates (arrows) (Figure
2.6A). The presence of gallic acid resulted in a slight change in IAPP fibril morphology and,
notably, the formation of loosely packed aggregates indicated by the arrow (Figure 2.6B).
Conversely, caffeic acid acted in the late stationary phase as a disaggregant. Extensive networks
of IAPP fibrils were observed with samples incubated with caffeic acid (Figure 2.6C); however,
the fibrils were noticeably thinner and less dense than those formed in the IAPP control (Figure
2.6A). Moreover, the formation of large amorphous aggregates (indicated by arrows) was observed
throughout the TEM grids (Figure 2.6C). The increase in the particle diameter could be due to the
formation of the large granular aggregates in addition to the extensive fibrillary networks (Figure
2.6C,G). Of the three phenolic inhibitors, rutin was observed to significantly decrease the IAPP
fibril length compared to the control (Figure 2.6D,F). This supports all the previous data and
confirms that rutin functions as a strong early-acting inhibitor toward reducing the lag phase by
binding the IAPP monomer to prevent unfolding and subsequent self-association. This effect
would delay the nucleation step of IAPP fibrillation. Loosely packed aggregates were also present
in the IAPP sample treated with rutin instead of the fibrillar network, indicating potent inhibition
of IAPP fibrillation possibly because of disaggregation. Molecular docking studies showed that
rutin preferentially binds two regions of IAPP, Leul2—Alal3—-Asn14 and Asn31-Val32-Gly33—
Ser34—Asn35 within IAPP pentameters, thus loosening the chain A and chain B of
hIAPP.*” (37) This effect would result in the disaggregation of the toxic IAPP oligomers. Despite
the strong inhibitory effect of rutin, fibrillation still occurred (indicated by arrows), albeit to a
significantly lesser extent compared to the IAPP control, and the resulting fibrils were also much
shorter and less dense (Figure 2.6D). IAPP treated with quercetin resulted in a significant decrease
in fibril length after 48 h (Figure 2.6F) and a slight decrease in fibril diameter, although not
significant (Figure 2.6G). Inhibitory effects of quercetin on IAPP fibrillation have been
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reported, but the potential mechanism of inhibition has yet to be elucidated.”” Quercetin was
reported to be a lag-phase inhibitor of bovine insulin fibrillation.®” The hydrophobicity of quercetin
was suggested to enhance its binding to proteins to form soluble or insoluble complexes, thus
facilitating fibrillation inhibition and disaggregatory effects.’” It is possible that a similar
mechanism of inhibition was present against IAPP fibrillation, characterized by the increased lag

phase, thus causing truncated fibrils at 48 h (Figure 2.6E).
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Figure 2.6. TEM images of (A) IAPP control, (B) IAPP with gallic acid, (C) IAPP with caffeic
acid, (D) IAPP with rutin, and (E) IAPP with quercetin after 48 h incubation. Scale bars represent
0.5 um. Fibrils and aggregate (F) lengths and (G) diameters were quantified using ImageJ. Error
bars indicate standard deviation, n = 42; ns = not significant (p > 0.05), *= significant (0.01 <p <

0.05) and **= very significant (0.001 <p <0.01).
2.3.6. Disaggregatory Effects of Rutin and Quercetin on Preformed IAPP Fibrils

To observe the potential disaggregatory effects, rutin and quercetin were added to
preformed IAPP fibrils and TEM images were taken at various time intervals. Rutin showed
disaggregatory effects on preformed IAPP fibrils as immediate as 1 h after addition where

fragments at the edges of the fibrillar networks are observed (indicated by arrows in Figure 2.7).
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After 22.5 h, loosely packed aggregates are observed around the fragmented fibrils (arrows
in Figure 2.7). Finally, after 47.5 h of incubation, mixed species of both smaller, spherical
structures (arrows), and shorter fibrils are present. The images are a significant contrast to the
extensive fibrillar network of the IAPP control (Figure 2.7). Therefore, in addition to being an
early phase inhibitor, rutin demonstrates the disaggregatory effects on preformed IAPP fibrils. On
the other hand, incubation of quercetin with preformed fibrils resulted in the formation of
amorphous aggregates as early as 1 h after incubation (Figure 2.7). Interestingly, a similar effect
of quercetin on preformed bovine insulin fibrils was reported where it resulted in amorphous

aggregates of a similar shape.®’

48 h +1h +22.5h +47.5 h

Control

Figure 2.7. Disaggregation of preformed fibrils imaged using TEM. (A) IAPP control, (B) IAPP
with rutin (+R), and (C) IAPP with quercetin (+Q). Scale bars represent 0.5 pum.
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2.3.7. Peptide/Polyphenol Complexation with Monomeric IAPP

The IAPP monomer is suggested to undergo strong intermolecular interaction with rutin
(estimated molecular docking binding energy, —8.3 kcal/mol) involving one hydrogen bonding
each with the phenolic and sugar moieties of rutin and Asn3 and Argll of IAPP. The phenolic
moiety is suggested to bind in the amphipathic pocket involving Asnl4, Phel5, Asn21, Asn22,
Ala25, Asn31, and Val32, while the sugar group forms electrostatic interaction in the hydrophilic
region with Asn3, Argll, Leul2, and Asn31 of IAPP (Figure 2.8A-B). In contrast, quercetin is
suggested to undergo moderate binding with IAPP with a binding energy of —6.8 kcal/mol. The
binding is predicted to occur in the hydrophilic pocket and is facilitated by a network of four
hydrogen bonding involving Argll and Asn21 of the IAPP monomer (Figure 2.8C-D). Strong
rutin-IAPP monomer binding could be responsible for its fibril disaggregation effect due to the
distortion of the equilibrium favoring aggregation. The moderate quercetin-IAPP binding might
not be strong enough to distort the equilibrium, but it may have promoted IAPP conformational

change that led to the formation of the amorphous aggregates.
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Figure 2.8. Docking scheme showing potential intermolecular interactions of monomeric IAPP

(PDB code: 2L.86) with (A) rutin and (C) quercetin and the hydrophobic/hydrophilic pockets of

(B) rutin and (D) quercetin. The Kyte-Doolittle scale is represented in (B and D) showing charge
environment and hydrophilicity/hydrophobicity of the binding site with colors ranging from
dodger blue for the most hydrophilic to white (zero) to orange red for the most hydrophobic.

Docking studies suggests how both rutin and quercetin might interact with monomeric
[APP resulting in the formation of peptide—polyphenol complexes. Mature fibrils exist in a
thermodynamic equilibrium with free monomeric IAPP present in solution.'*® Thus, any
delineation from relative quantities of each species at equilibrium can result in a shift to reestablish
a new equilibrium.!*° Understanding the mechanism behind the equilibrium formed between
mature fibrils and monomeric IAPP species can explain the mechanism behind the fibril
disaggregation effects of rutin and quercetin. Highly favorable complexation between rutin or

quercetin with monomeric IAPP would decrease the amount of monomeric IAPP, thus shifting the
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equilibrium toward the production of more monomeric IAPP to re-establish the initial
thermodynamic equilibrium. This process would require the disaggregation of preformed IAPP

fibrils to allow for the liberation of monomeric species.

As expected, the poor biostability and bioavailability of phenolic compounds can attenuate
their physiological effects. As such, biomolecular-based nanodelivery systems are used as vehicles
for these polyphenols.!3!"13* Additionally, food matrix effects, digestion, microbial activity in the
colon, and food-processing treatments can affect the stability and bioactivity of phenolic
compounds.'** 136 Given that rutin is a glycoside, consisting of a flavonol and a disaccharide
rutinose (Figure 2.2), it was important to evaluate the aglycone, quercetin, for IAPP fibrillation
inhibitory activity. While rutin is widely recognized as a potent bioactive compound, it has poor
bioavailability and a slow absorption rate in rats.!3” This minimizes the probability of intact rutin
being absorbed and subsequently reaching the pancreas to inhibit IAPP fibrillation. Quercetin is a
major metabolite of rutin and has a higher absorption rate within the small intestine of rats
compared to rutin.'*” In our study, the relative inhibitory activity and mechanism of quercetin and
rutin are comparable. Slight differences in average particle radius and morphology of the
disaggregated IAPP fragments could be attributed to the rutinose residue in rutin. Considering its
higher bioavailability, quercetin has a higher chance of interacting with IAPP and inhibiting its

fibrillation in pancreatic B-cells compared to rutin.
2.4. Conclusion

In conclusion, this study demonstrated the effect of the structure and molar ratio of 12
phenolic compounds on IAPP fibrillation inhibition. Using four structurally different phenolic
compounds, gallic acid, caffeic acid, rutin, and quercetin, biomolecular analysis provided further
mechanistic insights into the structure-dependent inhibition of IAPP fibrillation. Notably, rutin and
quercetin, gallic acid, and caffeic acid were found to alter the lag, exponential, and stationary
phases of IAPP fibrillation. Rutin and quercetin exerted inhibitory effects early in the lag phase of
IAPP fibrillation, likely by interacting with and stabilizing monomeric IAPP. This could reduce
the likelihood of unfolding and subsequent nucleation of IAPP, resulting in the extended lag time,
increased o-helical content, and lower FE,,,. Conversely, gallic acid inhibited the exponential
phase likely by binding to IAPP protofibrils, thus decreasing the rate of elongation and F,,,,. Last,
caffeic acid strongly inhibited IAPP fibrillation of the early stationary phase, also causing a
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significant decrease in F,,,,. Furthermore, rutin and quercetin disaggregated preformed IAPP
fibrils through the potential formation of phenolic/IAPP monomer complexes, suggesting the
ability of the inhibitor to shift the thermodynamic equilibrium of mature fibrils toward the
reformation of monomeric IAPP. Future studies are needed to elucidate the possible contributions
of phenolic metabolites produced in the colon toward the inhibition of IAPP fibrillation. Taken
together, this study demonstrated the inhibition of IAPP fibrillation and disaggregation of
preformed fibrils by the phenolic compounds, thus highlighting the need to elucidate the
interactions governing IAPP fibrillation as a potential mechanism of food-derived antidiabetic

compounds.
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Figure S2.1. Thioflavin-T fluorescence-monitored kinetics of IAPP fibrillation process in the
absence (control) and presence of the 11 phenolic compounds at IAPP:phenolic molar ratios of (A)

1:0.5 and (B) 1:2. (C) Summary of the IAPP fibrillation kinetic parameters, t: (time at half
2

transition in hours), K (elongation constant), lag time (in hours), and F,,,, (maximum relative

fluorescence intensity reached) for the IAPP:phenolic molar ratios 1:0.5 and 1:2.

76



Helix Antiparallel Parallel

48 hr == Control 48 hr == Control 48 hr == Control

0 hr 0 hr 0 hr

[

48 hr CGA 48 hr =+ GA 48 hr =+ GA

0 hr B +CA 0 hr m +CA 0 hr mm +CA
48 hr m +R 48 hr m +R 48 hr m +R

0 hr -0 0 hr - 0 hr -

+ + +

48 hr 48 hr Q 48 hr Q

0 hr 0 hr 0 hr
48 hr 48 hr 48 hr

0 hr 0 hr 0 hr

0 5 10 15 20 25 0 5 10 15 0 10 20 30 40
% Secondary Structure % Secondary Structure % Secondary Structure
Turn Others

48 hr == Control 48 hr == Control

0 hr 0 hr
48 hr = GA 48 hr =+ GA

0 hr BN +CA 0hr H +CA
48 hr M +R 48 hr M +R

0 hr 0 hr

-+ -+

48 hr Q 48 hr Q

0 hr 0 hr
48 hr 48 hr

0 hr 0 hr

0 5 10 15 20 0 20 40 60 80
% Secondary Structure % Secondary Structure
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upon initial addition of phenolic inhibitor (0 h) and after 48 h. GA, gallic acid; CA, caffeic acid;
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Figure S2.3. Particle radius (nm) size distribution for IAPP in the absence (control) and presence
of gallic acid (GA), caffeic acid (CA), rutin (R), and quercetin (Q) at (A) 0 h and (B) after 48 h

incubation. Each curve represents the average of triplicate measurements.
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CHAPTER THREE
IDENTIFICATION OF ISLET AMYLOID POLYPEPTIDE ANTI-FIBRILLATION

PEPTIDES: THE ROLE OF PHYSICOCHEMICAL PROPERTIES AND BINDING
INTERACTIONS ON FUNCTION
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3.0. Abstract

Islet amyloid polypeptide (IAPP) fibrillation has been commonly associated with the exacerbation
of type 2 diabetes prognosis. Consequently, inhibition of IAPP fibrillation to minimize B-cell
cytotoxicity is an important approach towards B-cell preservation and type 2 diabetes management.
In this study, we identified three tetrapeptides, TNGQ, MANT, and YMSYV, that inhibited IAPP
fibrillation. Using ThT fluorescence assay, circular dichroism (CD) spectroscopy, dynamic light
scattering (DLS), and molecular docking, we evaluated the potential anti-fibrillation mechanism
of the tetrapeptides. ThT fluorescence kinetics and microscopy as well as transmission electron
microscopy showed that TNGQ was the most effective inhibitor based on the absence of normal
IAPP fibrillar morphology. CD spectroscopy showed that TNGQ maintained the o-helical
conformation of monomeric IAPP, while DLS confirmed the presence of varying fibrillation
species. Molecular docking showed that TNGQ and MANT interact with monomeric IAPP mainly
by hydrogen bonding and electrostatic interaction, with TNGQ binding at IAPP surface compared
to YMSV, which had the highest docking score, but interact mainly through hydrophobic
interaction in IAPP core. The highly polar TNGQ was the most active and appeared to inhibit IAPP
fibrillation by disaggregation of preformed IAPP fibrils. These findings indicate the potential of

TNGQ in the development of peptide-based anti-fibrillation and antidiabetic nutraceuticals.

Keywords: islet amyloid polypeptide; aggregation; disaggregation; fibril formation; bioactive

peptides; biomolecular interaction; antidiabetic agents; nutraceuticals
3.1. Introduction

Islet amyloid polypeptide (IAPP), or amylin, is a highly amyloidogenic, 37-residue
polypeptide that has been strongly linked to the exacerbation of type 2 diabetes (T2D)
prognosis.*!*8 Mature IAPP fibrils induces B-cell cytotoxicity due to their permeation through the
cell membrane, resulting in intracellular ion imbalance, formation of reactive oxidative species,
membrane disruption, and other deleterious effects.*3¢ Co-packaged and co-secreted along with
insulin from pancreatic B-cells, IAPP plays many roles in regulating glucose metabolism.*6102:139
As a result, disease treatments that target the upregulation of insulin secretion may inadvertently

encourage IAPP fibrillation due to the increased production and secretion of IAPP, resulting in the

additional loss of B-cell mass due to IAPP fibril-induced cytotoxicity.’
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The mechanism governing IAPP fibrillation-induced B-cell toxicity is not well understood,
and many hypotheses point to varying species as the source of cytotoxicity.*!%’ The fibril-induced
toxicity hypothesis proposes PB-cell cytotoxicity due to mechanical stress imparted on cell
membranes by the insoluble IAPP mature fibrils.!? This results in membrane disruption, causing
imbalance in water and ion hemostasis, triggering apoptosis and cell death.**!% In fact, IAPP
mature fibrils, in the absence of oligomeric species, caused notable B-cell cytotoxicity.'4%14!
Alternatively, soluble oligomeric species could also cause membrane disruption through the
formation of pores, leading to a dysregulated flow of ions and membrane disruption, thus
triggering apoptotic pathways.* In this hypothesis, insoluble fibrils are regarded as relatively inert
and incapable of exerting cytotoxic effects on B-cells. Recently, it has been highlighted that
reduced proteolytic turnover of IAPP as a result of impaired proteasome and autophagy machinery
could also facilitate the accumulation of toxic hIAPP species and encourage p-cell death.!’! As
such, stabilization of monomeric IAPP is the most effective approach for inhibiting IAPP
fibrillation. This approach discourages self-association of IAPP, thus preventing fibrillation and
oligomeric or fibrillar-induced cytotoxicity, while also retaining the intrinsic function of IAPP.
Some natural compounds, such as polyphenols, alkaloids, and peptides, have demonstrated
promising anti-fibrillation activities.>*»!%? This property may be a contributing mechanism of the
antidiabetic properties of some of the compounds. Therefore, IAPP fibrillation provides an

important target for the development of new antidiabetic nutraceutical compounds.

Bioactive peptides are promising candidates for use as inhibitors of IAPP fibrillation. In
fact, many food-derived peptides have demonstrated physiological antidiabetic properties, but
their bioactivity mechanisms have yet to be linked to IAPP fibrillation.'**!* Furthermore, peptides
are more easily modifiable to enhance their biostability, bioavailability, functionality, and
bioactivity. To date, only a few unmodified linear peptides, such as pentapeptide FLPNF, have
been reported as inhibitors of IAPP fibrillation.* There is equally a dearth of information regarding
the important structural requirements of peptides for increasing inhibitor potency. This underscores
the need for library screening and rational design for the identification of natural peptide inhibitors
of IAPP fibrillation. Therefore, the objective of this study was to evaluate the effect and mechanism
of three tetrapeptides as inhibitors of IAPP fibrillation. The findings provide important insight into
a new structural motif for an effective inhibitor that can disaggregate IAPP fibrils, and platform

for the discovery of peptide-based antidiabetic nutraceuticals.
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3.2. Materials and Methods
3.2.1. Materials

Human [APP (amylin (1-37), human, >95% pure) modified with an amidated C-terminus
and Cys2-Cys7 disulfide bond was purchased from AnaSpec (Fremont, CA, USA). 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP), ThT, Tris base, sodium phosphate monobasic, and sodium
phosphate dibasic were purchased from MilliporeSigma (Oakville, ON, Canada). Tetrapeptides
MANT (98.7% purity), YMSV (95.5% purity), and TNGQ (95.7% purity) were synthesized by
GenScript (Piscataway, NJ, USA). UranyLess counterstain was purchased from Electron

Microscopy Sciences (Hatfield, PA, USA).
3.2.2. IAPP Preparation

For inhibition experiments, 1| mg IAPP was dissolved in 10 mL HFIP on ice for 10 min and
then separated into 1 mL aliquots with a final concentration of 0.1 mg/mL per tube. Samples were
sonicated in an ice bath for 30 min and centrifuged at 14,000x g for 30 min to disaggregate
preformed fibrils. Each tube was frozen overnight at —80 °C and lyophilized the following day.
Peptide films were stored at —80 °C until use. The films were reconstituted with 12.5% (v/v) HFIP
in 1 M Tris buffer (pH 7.4) immediately prior to experimentation. For circular dichroism analysis,

100 mM phosphate buffer (pH 7.4) was used as the diluent instead.
3.2.3. ThT Fluorescence Assay

To observe fibrillation kinetics, ThT fluorescence assays was performed in triplicate. In
black 96-well microplates with clear bottoms, 5 uM IAPP was mixed with 5 uM tetrapeptide and
10 uM ThT in 1 M Tris buffer (pH 7.4). Plates were sealed with Parafilm to minimize evaporation
and fibrillation was monitored via fluorescence kinetic measurements. Fluorescence intensity was
measured at Aex = 430 nm and Aem = 480 nm using the Spark multimode microplate reader (Tecan,
Stockholm, Sweden). Under the kinetic mode, bottom measurements were taken every 15 min for
49 h at 37 °C. Results were presented as means and kinetic parameters and were calculated using
the non-linear regression Boltzmann sigmoidal function from GraphPad Prism version 9.2.0 for

Windows (GraphPad Software, La Jolla, CA, USA) using the equation:
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_ (FiFy)
Fobs - t1-Ctops 3.1
1+exp< 2 - >

Fyps is the log fluorescence intensity observed at time t,y, F;, and Fy are the initial and final ThT

fluorescence, respectively, t: is the time taken to reach half the elongation phase, and 7 is
2

reciprocal of the kinetic elongation constant, K, an apparent rate constant that describes the growth
of fibrils during the elongation phase. Additionally, the lag time, in hours, of IAPP fibrillation was

calculated using the equation:

lag time = t1 — 21 3.2
2

3.2.4. Circular Dichroism (CD) Spectroscopy

The secondary structure of IAPP was analyzed using the Jasco J-715 Circular Dichroism
spectrophotometer (Jasco Corp., Tokyo, Japan). Each sample consisted of 20 uM [APP and 20 uM
tetrapeptide in 10 mM phosphate buffer (pH 7.4). Two time points, initial (O h) and final (48 h),
were measured using a quartz cuvette with a path length of 1 mm at room temperature in nitrogen
gas. Samples were incubated at 37 °C in between the time point measurements. Three scans were
recorded and averaged at a wavelength range of 200-250 nm at a scanning speed of 100 nm/sec.
Baseline subtraction was done using a phosphate buffer blank and results were converted to mean
residue ellipticity (deg x cm? x dmol™!) using a mean residue weight of 105.49 Da and IAPP
concentration of 0.078 mg/mL. All data processing was performed using CDToolX.!* Plotting and
smoothing of resulting data was achieved with GraphPad Prism version 9.2.0 for Windows
(GraphPad Software, La Jolla, CA, USA). Calculation of the secondary structure contents was
performed using the CD fitting software, BeStSel .!1°

3.2.5. Molecular Docking of IAPP-Tetrapeptide Interaction for Determination of
Substantive Binding Site and Relative Binding Affinity

Molecular docking was performed by uploading the NMR structure of IAPP (PDB code:
21.86) retrieved from RCBS protein data bank and the amino acid sequence of the tetrapeptides to
HPEPDOCK web server. MODPEP program was used for conformational refinement of the

peptides.'*® Chimera UCSF software version 1.15 equipped with Autodock Vina package version
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1.1.2 was used for preparation and structural optimization of the crystal structure of IAPP prior to
docking.!"®!" This involves eliminating solvents, adding Gastejger charges and polar hydrogen,
ignoring non-standard amino acid residues, and energy minimization to reduce internal clashes.
Docking results of the top model were analyzed and visualized with Chimera for intermolecular

interactions within 3 A.
3.2.6. Fluorescence Microscopy

An initial sample consisting of IAPP and tetrapeptide at a ratio of 1:1, with 5 uM of each
component, was added to 1 M Tris buffer (pH 7.4) and incubated at 37 °C for 48 h. Thereafter,
each sample was stained with 10 uM ThT and kept in the dark for 2 min at room temperature. The
samples were then mounted on microscope slides and secured with a coverslip prior to imaging.
The Axio Imager 2 fluorescence microscope equipped with an Axiocam 506 camera (Carl Zeiss,
Germany) was used to image the samples, using the fluorescein isothiocyanate channel with Aex =
495 nm and Aem = 519 nm. Images were subsequently processed using the Zen 2.3 pro software
(Carl Zeiss, Germany). Aggregate length and diameter measurements were done using the ImageJ

software (NIH, Bethesda, MD, USA).!"”
3.2.7. Dynamic Light Scattering (DLS)

The average particle size and polydispersity index of uninhibited IAPP and IAPP incubated
with the tetrapeptides were determined using the Nano-ZS Zetasizer (Malvern Instruments Ltd.,
Malvern, UK). Samples, consisting of IAPP:tetrapeptide ratio of 1:1 with 5 uM of each component
in 1 M Tris buffer (pH 7.4), were incubated at 37 °C for 48 h. Particle size and polydispersity index

measurements were subsequently taken in triplicate.
3.2.8. Transmission Electron Microscopy (TEM)

TEM was used to observe the effect of the peptides on IAPP fibril morphology. Samples,
consisting of 5 uM IAPP and 5 uM tetrapeptide in 1 M Tris buffer (pH 7.4), were incubated at 37
°C for 48 h. Thereafter, 10 pL of the mixture was placed on Parafilm and a 300-mesh Formvar-
carbon-coated copper grid was placed on top of the droplet for 2 min. Excess sample was blotted
with a Kimwipe. The grids were then counterstained with UranyLess for 1 min in the dark and
dried. Grids loaded with sample were imaged using the JEM-1400Flash Electron Microscope
(JEOL, Tokyo, Japan) at an accelerating voltage of 120 kV. Fibril length and diameter were
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measured using the Imagel software (NIH, Bethesda, MD, USA).!'” For fibril disaggregation
analysis, TNGQ at a 1:1 ratio was added to pre-formed fibrils grown for 48 h at 37 °C. Sample
aliquots were taken for TEM imaging at 1, 22.5, and 47.5 h after the addition of TNGQ to the
preformed fibrils.

3.2.9. In Silico ADME/Tox and Physicochemical Properties of the Peptides

Physicochemical properties of the tetrapeptides (molecular weight, hydrophobicity, net
charge at pH 7, Boman index, instability index, and aliphatic index) were calculated using the
Peptides package in R. Gastrointestinal proteolytic stability was predicted using ExPASy
PeptideCutter. Drug-likeness and pharmacokinetics of the peptides were evaluated using

SwissADME (http://www.swissadme.ch/index, date accessed; 6 August 2021), which predicts

the ADME (absorption, distribution, metabolism, and excretion) properties based on Lipinski’s
rule-of-five.'*’” For this analysis, SMILES strings of the peptides were retrieved from BIOPEP-
UWM. Lastly, potential toxicity of the peptides was predicted using ToxinPred; a threshold of 0.0

(automated) was applied.'*®
3.2.10.  Statistical Analysis

Experiments were performed in triplicate and statistical analysis was performed using one-
way analysis of variance with GraphPad Prism version 9.2.0 for Windows (GraphPad Software,
La Jolla, CA, USA). Significant difference between the mean values was defined at p < 0.05 using

the Dunnett’s multiple comparison test.

3.3. Results
3.3.1. Thioflavin T Fluorescence Kinetics

Several random linear peptides from our library were screened for their anti-IAPP
fibrillation activity. Thereafter, based on ThT fluorescence kinetic parameters, tetrapeptides
TNGQ, YMSYV, and MANT were selected for subsequent analyses. ThT is a dye that strongly
fluoresces upon binding to -sheet rich regions within peptide aggregates. Thus, the stronger the
fluorescence intensity, the higher the amount of B-sheets present. Based on ThT fluorescence
kinetics, the three tetrapeptides alone did not form fibrils (data not shown), but their presence
decreased the maximum fluorescence intensity (F,,,) of IAPP. Notably, TNGQ showed the

highest inhibitory activity in reducing ThT fluorescence, with 32% lower F,,, compared to the
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IAPP control at the end of IAPP fibrillation (Figure 3.1A, Table 3.1). In terms of physicochemical
properties, TNGQ also had the lowest instability, aliphatic, and hydrophobicity indices, as well as
the highest Boman index compared to MANT and YMSV (Table 3.1).
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Figure 3.1. (A) Thioflavin-T fluorescence kinetics of IAPP fibrillation in the absence (control) and
presence of tetrapeptides MANT, TNGQ, and YMSV. (B) Average particle size diameter (nm) and
(C) polydispersity index of IAPP in the absence (control) and presence of MANT, TNGQ, and
YMSV in the late stationary phase of fibrillation. ThT fluorescence microscopy of IAPP in the (D)
absence (control), and presence of peptides (E) MANT, (F) TNGQ, and (G) YMSV. Scale bars

represent 50 pm.
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Table 3.1. Physicochemical properties and fibrillation kinetic parameters derived from ThT fluorescence assay of IAPP fibrillation in

the absence (control) and presence of tetrapeptides MANT, TNGQ, and YMSV.

Physicochemical Properties

Fibrillation Parameters

MW (Da) | Hydrophobicity | Net Boman Instability | Aliphatic Fnax | t1(h) T K | Lagtime
Charge | Index Index Index 2 (h)
Control | n/a n/a n/a n/a n/a n/a 92.89 | 12.45 |3.33 |0.30|5.79
MANT | 435.50 -0.13 -0.002 | 1.26 17.13 25 77.89 | 13.13 |3.41 |0.29]6.31
TNGQ | 418.40 -2.03 -0.002 | 3.45 -67.65 0 63.11 | 11.00 |2.89 | 0.35]5.22
YMSV | 498.59 1.00 -0.003 | -0.71 227.2 72.5 76.15 | 11.30 |2.95 | 0.34|5.39

Abbreviations: MW, molecular weight; F,,,,, maximum fluorescence intensity reached; t1, time taken to reach half elongation phase in
2

hours; K, elongation constant; and n/a, not applicable. Boman index estimates peptide—protein interaction based on solubility properties
of'amino acid side chains. Instability index estimates stability of protein in a test tube (value less than 40 means that the protein is stable).
Aliphatic index estimates thermostability of globular proteins based on the relative volume occupied by their aliphatic side chains.

89




Furthermore, TNGQ and YMSV had more pronounced effects in reducing the elongation
phase of fibrillation, by having the largest elongation constant (Table 3.1). Furthermore, TNGQ
caused a gradual decrease in fluorescence intensity from 3549 h of incubation, with the largest
decrease of 53.8% at 48.75 h relative to control (Figure 3.1A). In comparison, much lesser
decreases in fluorescence intensities (14.1% and 8%) were observed for YMSV and MANT,
respectively, at the same time point (Figure 3.1A). YMSV and MANT also reduced the F,,,,, but
to a lesser
extent (16% and 18%, respectively) than TNGQ compared to control F,,, (Table 3.1). MANT
slightly increased the lag time compared to the other tetrapeptides but did not have an apparent

effect on the elongation constant compared to control (Table 3.1).
3.3.2. Fluorescence Morphology of IAPP Fibrils

Fluorescence imaging of ThT-stained IAPP samples was used for preliminary assessment
of the morphology of IAPP fibrils in the late stationary phase. According to the images, TNGQ
and YMSV resulted in the formation of smaller IAPP aggregates compared to IAPP control
(Figure 3.1D,F-G). The ThT-fluorescent aggregates were particularly lesser in the presence of
TNGQ. Conversely, MANT resulted in the formation of larger aggregates compared to IAPP
control (Figure 3.1D-E).

3.3.3. IAPP Fibrillation Progression

Average particle size and polydispersity index were determined by dynamic light scattering
(DLS) to further assess fibrillation. MANT, TNGQ, and YMSV alone had particle size diameters
of 409.8, 380.8, and 223.3 nm, respectively compared to the 6279 nm average diameter of IAPP
control. At the end of fibrillation, the peptides reduced the average particle size of IAPP by 66.7%
compared to the control (Figure 3.1B), although the change was not statistically significant (p >
0.05). The polydispersity index was high (> 0.7), with no significant difference between the
peptide-treated and control IAPP samples at 48 h of incubation (Figure 3.1C).

3.34. IAPP Secondary Structure during Fibrillation

Circular dichroism was used to evaluate the effect of the tetrapeptides on IAPP secondary
structure and the potential mechanism of inhibition. As expected, a strong negative peak at 220 nm

with a shoulder at approximately 206 nm was observed in IAPP control at the initial time point
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due to a-helical structure of monomeric IAPP (Figure 3.2A). This a-helical structure appears to
decrease upon peptide addition at time 0 h. The relative binding affinities between IAPP and
peptides are calculated with a high accuracy molecular docking program, HPEPDOCK web server,
based on SIMPLEX minimization algorithm binding scores and specifically designed for studying
the nature and strength of protein-peptide and protein-protein interactions. In HPEPDOCK
docking score, the original scoring function is replaced with an iterative knowledge-based scoring
function for protein-peptide and protein-protein interactions. The binding affinities are based on
the contributions of intermolecular forces, such as electrostatic, hydrophobic, Van der Waals,
hydrogen bonding, entropy, and conformational state of the ligand.!*%!* The higher their negative
values, the greater the strength of the interaction, the stability of the complex formed, and the
potential to trigger physiological response at low concentrations. As revealed by molecular
docking, TNGQ interacts with monomeric IAPP potentially through its hydrophilic and charged
amino acid residues. Interactions with Asn3, Argll, Asn35, and Thr30 were suggested to be
facilitated via five hydrogen bonding and electrostatic interactions at the hydrophilic region in the
surface of IAPP (Figure 3.2E,H). This interaction yields an estimated relative docking score of
—109.1. MANT, with a, estimated docking score of —107.7, interacts with relatively charged and
hydrophilic residues at the protein core—surface interface and potentially undergoes three hydrogen
bonding with Argll, Asnl4, and Thr30 (Figure 3.2C,F). On the other hand, YMSV (Figure
3.2D,G), being the most hydrophobic tetrapeptide, appears to undergo mainly hydrophobic
interactions with IAPP and lies completely in the core of [APP, where it is predicted to interact
with hydrophobic residues such as Ala8, Leul2, Phel5, and Ala25 while maintaining H-bonding
contacts with Asn21, Asn22, and Asn31. This results in an estimated docking score of —128.4.
146.199At 48 h, following fibrillation, the relative a-helical content of IAPP control decreased by
14.7% with concomitant increase in the undefined secondary structure content by 14.2% (Figure

3.2B).
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Figure 3.2. Circular dichroism spectra of IAPP in the absence (control) and presence of MANT,
TNGQ, and YMSV at (A) the initial time point (0 h) and (B) late stationary phase (48 h) of
fibrillation. Docking scheme showing intermolecular interactions between (C) MANT, (D) YSMYV,
or (E) TNGQ and monomeric IAPP at the various hydrophobic and hydrophilic regions (F-H),
respectively. Kyte—Doolittle scale was used to evaluate hydrophobicity with colors ranging from

dodger blue (the most hydrophilic) to white 0.0 to orange-red (the most hydrophobic).
3.3.5.  IAPP Fibril Morphology

To confirm the observed effects of the tetrapeptides on IAPP fibrillation, TEM was
employed to evaluate the fibrillar morphology. The tetrapeptides showed different effects on IAPP
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fibril morphology. MANT significantly reduced the fibril diameter and density, but not the fibril
length, compared to the control (Figure 3.3A-B). On the other hand, TNGQ significantly reduced
both fibril length and diameter (Figure 3.3C), thus confirming its effect as the most potent inhibitor
evaluated. Lastly, YMSV significantly increased the fibril length, and not the diameter, resulting
in distinctly different fibril morphology compared to IAPP control (Figure 3.3D).
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Figure 3.3. Transmission electron microscopy images of (A) IAPP control, and IAPP in the
presence of (B) MANT, (C) TNGQ, and (D) YMSYV, after 48 h incubation. IAPP fibril (E) length
and (F) diameter quantified using ImageJ software (n = 24); ns = not significant (p > 0.05), * =
significant (0.01 > p > 0.05), and ** = very significant (0.01 > p > 0.001). Scale bars represent 0.5

pm.

93



3.3.6. Disaggregation of Pre-Formed IAPP Fibrils

To observe the potential disaggregation effect of TNGQ, pre-formed IAPP fibrils were
incubated with TNGQ and imaged periodically. As expected, extensive fibrillar networks were
observed after 48 h of incubation in both the control and TNGQ-treated IAPP fibrils (Figure 3.4).
An hour after the addition of TNGQ, amorphous aggregates were observed on the outer perimeter
of'the fibrils, which was absent in the control fibrils (Figure 3.4). At 22.5 h, TNGQ, further reduced
the fibrillar networks to form more amorphous aggregates intercalated with fibrils (arrows)
(Figure 3.4). After 47.5 h post-addition of TNGQ, mature fibrils are observed, albeit less extensive

than the control, which had denser and larger fibrillar networks (Figure 3.4).

48 h +1 h +22.5 h +47.5 h

Control

TNGQ

Figure 3.4. Transmission electron microscopy images of pre-formed IAPP fibrils in the absence
(control) and presence of TNGQ at 48 h and additional 1, 22.5, and 47.5 h post-incubation. Scale

bars represent 0.5 um. Arrows indicate the presence of fibrils amongst amorphous aggregates.
3.3.7. In Silico Drug-Likeness of the Peptides

In silico ADME/Tox analysis was performed to evaluate the pharmacokinetic and safety
properties of the tetrapeptides. All three peptides were predicted to be non-toxic and lack the ability
to inhibit cytochrome P450 3A4 (Table 3.2). Moreover, the peptides were identified as P-

glycoprotein substrates. However, all the peptides were predicted to have low gastrointestinal
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absorption. High molecular flexibility indicated by the rotatable bond (ROTB) count greater than
10 and topological polar surface area (TPSA) greater than 140 A? indicate low oral bioavailability
of the peptides (Table 3.2).!3°°152 Additionally, the tetrapeptides each had over 12 total hydrogen
bond acceptors (HBA) and hydrogen bond donors (HBA), which also indicates potential low oral

bioavailability.!>
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Table 3.2. Absorption, distribution, metabolism, excretion, and toxicity (ADME/Tox) profile for tetrapeptides MANT, TNGQ, and

YMSYV to predict drug-likeness and suitability for human consumption.

Peptide | Physicochemical Properties | Toxicity | Lipophilicity Drug-Likeness Pharmacokinetics
ROTB | HBA | HBD | ESOL | SVM | TPSA | ClogP | Bioavailability | Lipinski GIA P-Gly CYP3A4
(n)< | (m)<| (m)<|LogS| Score | (A%< | (o/w) Score Filter Substrate Inhibitor
10 10 5 (<0.0) 140 <5
MANT 16 8 7 1.83 -0.81 |239.24| -2.33 0.17 No Low Yes No
(HS) Non-
toxin
TNGQ 16 9 8 3.32 -0.72 | 257.03 | -3.94 0.17 No Low Yes No
(HS) Non-
toxin
YMSV 17 8 7 0.23 -0.89 |216.38 | -0.39 0.17 No Low Yes No
(HS) Non-
toxin

Abbreviations: ROTB (n), rotatable bonds; HBA (n), hydrogen bond acceptors; HBD (n), hydrogen bond donors; EOSL, estimated solubility
with solubility classes in bracket (HS, highly soluble);!** Toxicity SVM score (BIOPEP and ToxinPred), support vector machine score;'*
TPSA (A?), topological polar surface area; CLogP (o/w) logarithm of compound partition coefficient between n-octanol and water;
Bioavailability score, probability of F > 10% in rat;'** Lipinski filter (based on Lipinski rules of 5, all peptides showed 3 violations); GIA,
gastrointestinal absorption; P-gly substrate, permeability-glycoprotein substrate SVM model (SwissADME); and CYP3A4, cytochrome
P450 3A4.
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3.4. Discussion

Based on IAPP fibrillation inhibitor screening studies of a library of randomly selected
peptides, three active tetrapeptides were selected to further investigate their effectiveness and
mechanisms of inhibition. TNGQ exhibited the strongest inhibitory effects, primarily influencing
the stationary phase of IAPP fibrillation (Figure 3.1A, Table 3.1). The Boman index (Table 3.1)
suggests that only TNGQ had high protein binding potential, and yet it had a lower estimated [APP
docking score compared to YMSV. Notably, only TNGQ was suggested to bound outside of the
hydrophobic pocket in the amyloidogenic region (Figure 3.2E,H). In fact, the predicted TNGQ
binding favored interactions with Asn3, Argl1, and Phel5 of the membrane-binding domain, and
Thr30 and Asn35 of the self-association/C-terminus region of TAPP. This predicted binding pattern
of TNGQ supports the relative secondary structures present. After 48 h of incubation, TNGQ
maintained the relative a-helical content of IAPP compared to the control, MANT, and YMSYV,
which showed marked decreases relative to the initial timepoint (Figure 3.2A-B). It is possible
that TNGQ binding with monomeric IAPP stabilized the o-helical conformation to alter the
thermodynamic equilibrium between IAPP species against fibril formation. The complexation of
TNGQ and monomeric IAPP reduces the relative amount of unbound monomeric IAPP, thus
halting fibrillation progression and delaying the formation of extensive IAPP fibrillar networks
normally found in the stationary phase (Figure 3.3A, C). Similarly, amphipathic heptapeptide
KPWWPRR-NH; was reported to arrest IAPP fibril elongation.!> The hydrophobic regions of the
heptapeptide bound the non-polar regions of IAPP while the hydrophilic regions disrupted
elongation by interfering with the formation of H-bonds required for association of monomeric
IAPP on the fibril growth end.'®> Consequently, significantly shortened fibrils with smaller
diameters were observed in our study (Figure 3.3C, E-F). This confirms the strong anti-fibrillation
propensity of TNGQ and demonstrates the importance of physicochemical properties of peptides

on inhibition mechanism and potency.

The formation of the IAPP-TNGQ complex provides additional insight on the mechanism
governing the disaggregation of preformed fibrils (Figure 3.4). IAPP fibrils were disaggregated
starting from the outer regions of the extensive fibrillar network as soon as 1 h after the addition
of TNGQ, indicated by the disordered structures surrounding the fibrils (Figure 3.4). The
disaggregation effects intensified at 22.5 h of TNGQ treatment where amorphous aggregates are
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observed to surround the fibrils (Figure 3.4). These aggregates are similar in shape and size to that
observed in the initial timepoint of IAPP control (data not shown). This suggests the formation of
monomeric or oligomeric species following fibrillar disaggregation by TNGQ. Similar structures
have been identified as oligomeric species of a-synuclein.!>® Molecular dynamics simulation
predicts the process of nucleation in the presence of lipids to be driven by aromatic interactions
within the central part of IAPP, with long-lasting interactions between 14-NFLVH-18 and 25-
AILSST-30 driving the formation of B-sheets.” Additionally, the prenuclear B-hairpin conformation
is an important structural conformation that promotes dimerization, primarily driven by the C-
terminal region residues 17-VHSSNNFGAIL-27 and 29-STNVGSTN-35."%" This provides a
mechanistic insight into the IAPP fibril disaggregation effects of TNGQ. As fibrillation is a
thermodynamically driven process, species equilibrium will strongly influence fibrillation
progression, provided the kinetic barrier is low enough.!*° Formation of the IAPP-TNGQ complex
may have shifted the mature fibril/monomeric IAPP equilibrium towards the formation of
monomeric IAPP. Visually, this manifested as the disaggregation of preformed fibrils (Figure 3.4)
wherein monomeric IAPP liberated from the growing ends of the fibrils are used to re-establish
equilibrium. This can also explain why the addition of TNGQ inhibited fibrillation even though it
did not elongate the lag phase. This finding provides a unique perspective to fibrillation inhibitor
design, which hitherto has focused largely on association with the amyloidogenic region.!>% 16!
Recent investigations on the development of peptide inhibitors have started considering non-
amyloidogenic regions, namely the C-terminal self-association region, and N-terminal membrane-
binding domain due to their important roles in fibril formation and toxicity.:'®> Consequently, the
ability of TNGQ to bind within the N-terminal membrane-binding domain may reduce the
cytotoxic effects commonly observed with fibrillation by preventing membrane association and
subsequent pore formation. For instance, pentapeptide FLPNF, which binds within the membrane-
binding domain and self-association region of the N- and C-terminus, respectively, was reported
to increase the viability of cultured rat insulinoma cells.®! This illustrates the potential of targeting
the non-amyloidogenic regions of IAPP as an alternative mechanism in the development of novel

anti-fibrillation agents.

Amino acid composition of peptides can affect the inhibitor potency and mechanism of
IAPP fibrillation inhibition. Previous studies have reported that hydrophobic and aromatic

interactions are the major forces driving IAPP fibrillation.’®** Additionally, some phenolic
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compounds were hypothesized to inhibit fibrillation via n-n and hydrophobic interactions within
the amyloidogenic core of IAPP.**%* Thus, we expected that hydrophobicity would correlate with
inhibitor potency. However, YMSV was the most hydrophobic of the tetrapeptides tested, and only
moderately inhibited fibrillation (Figure 3.1A, Table 3.1). Incidentally, YMSYV also has the lowest
protein binding potential of the three tetrapeptides (Table 3.1), despite having the highest IAPP
docking score. This suggests a wider range of structural requirements for potent inhibitors, beyond
hydrophobicity and aromatic content, and that predicted favorable inhibitor binding to IAPP does
not guarantee increased activity. Future studies on the effect of peptide sequence and
physicochemical properties on inhibition of IAPP fibrillation, for example through the
development of scrambled peptide sequences, could be done to further investigate this relationship.
MANT, which had the lowest inhibitor strength, slightly inhibited the late stationary phase of [APP
fibrillation due to the lower F,,,, compared to IAPP control (Figure 3.1A, Table 3.1). However,
ThT fluorescence imaging in the late stationary phase revealed that MANT led to the formation of
larger aggregates compared to the control (Figure 3.1D-E). This may be due to the limitations of
ThT fluorescence imaging wherein non-fibrillar species may result in fluorescence. Nonetheless,
TEM imaging indicated the formation of fibrillary networks with significantly smaller diameter
but similar in length compared to IAPP control (Figure 3.3F). This confirms the ThT fluorescence
kinetics results, which showed that MANT was not a strong inhibitor of fibrillation compared to

TNGQ (Figure 3.1A, Table 3.1).

Despite the variable inhibitory activities observed with the three tetrapeptides, IAPP
fibrillation still occurred in each sample, indicated by the increase in particle size beyond a radius
of 1100 nm, which has been reported to be the average size of IAPP fibrils at the end of late
stationary phase.?® Although the IAPP particle size did not differ significantly, IAPP in the presence
of MANT, TNGQ, and YMSYV reduced the average diameter compared to the control (Figure
3.1B). The exceedingly high particle size of uninhibited IAPP suggests the formation of extensive
fibrillar networks, which were suppressed in treated samples due to the variable inhibitory
activities of the tetrapeptides. Furthermore, the high polydispersity index indicated high
heterogeneity of species present within the samples, which is characteristic for IAPP fibrillation
(Figure 3.1C). The heterogeneity could also be a result of fibril disaggregation resulting in smaller
species, or an artifact of active fibrillation inhibition through the formation of IAPP-peptide

complexes.?$

99



In addition to being the strongest inhibitor, TNGQ also showed promising biostability and
pharmacokinetic properties. It was predicted to be more biostable in the gastrointestinal tract than
the others, as it lacks the recognition and cleavage sites for pepsin, trypsin, and chymotrypsin. The
ADME profile also indicated that the non-toxic tetrapeptide can be rapidly metabolized and
removed from cells in the body, thus suggesting its suitability for human consumption. However,
TNGQ and the other peptides were predicted to have low oral bioavailability based on their ROTB,
HBA, and TPSA."3"!52 This factor must be addressed prior to conducting in vivo studies in order
to achieve significant IAPP fibrillation inhibitory effects in the pancreas. TNGQ can be found
naturally, e.g., in rice oryzain beta chain (f177-180; accession no. P25777 (ORYB_ORYSJ)); thus,
future research should include the development of sustainable processing methods, e.g., enzymatic

hydrolysis or fermentation, to release the bioactive peptide from its parent proteins.
3.5. Conclusions

This study resulted in the discovery of three tetrapeptides, MANT, TNGQ, and YMSYV, that
present variable inhibitory effects on IAPP fibrillation. Through biomolecular analysis, potential
mechanisms of inhibition and the effect of physicochemical properties of the peptides on activity
were proposed. The weak activities of YMSV and MANT demonstrate that strong inhibitor binding
to monomeric IAPP does not always translate to potent anti-fibrillation effects. TNGQ, the most
active tetrapeptide studied, strongly inhibited IAPP fibrillation wherein it possibly bound IAPP
monomers, thus preventing their subsequent attachment to the growing end of the fibril.
Furthermore, the disaggregation of pre-formed IAPP fibrils is proposed to be the major anti-
fibrillation mechanism of TNGQ. This highlights the importance of the monomer—fibril
equilibrium in facilitating anti-fibrillation. The interplay between the physicochemical properties
of peptides and anti-fibrillation mechanism and potency, an area that is currently understudied,
provides an insight into structure—function relationships of the inhibitors. Lastly, studies to
evaluate the antidiabetic and cell protective effects of TNGQ present a promising avenue for future

applications.
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CHAPTER FOUR

IMPACT OF DOMAIN-SPECIFIC BINDING OF ANTI-FIBRILLATION PEPTIDES ON
MEMBRANE BINDING AND B-CELL PROTECTIVE EFFECTS
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4.0. Abstract

Islet amyloid polypeptide (IAPP) fibrillation induces B-cell dysfunction and toxicity in patients
with type 2 diabetes. Cytotoxicity is caused by the ability of IAPP fibrils and fibrillar intermediates
to permeate the cellular membrane of pancreatic B-cells, trigger endoplasmic reticular stress,
induce reactive oxygen species production, and upregulate apoptosis-related genes. Thus,
inhibition of IAPP fibrillation is of great interest for preventing associated cytotoxicity. In this
study, the cellular protective effects of three anti-fibrillation tetrapeptides, YMSV, MANT, and
TNGQ, against IAPP-induced membrane leakage in giant unilamellar vesicles (GUVs) and
toxicity in RIN-m cells were evaluated. The anti-fibrillation activity of TNGQ translated to
cytoprotective effect as it resulted in a 69.0 = 7.9% decrease in calcein release in GUVs and a
significant increase in cell viability from 6.4 + 6.4% with IAPP to 47.5 + 3.8% with the addition
of TNGQ. MANT slightly inhibited IAPP-induced GUV leakage and increased cell viability. In
contrast, the protective effect of YMSV against IAPP-induced membrane damage in GUVs was
completely diminished in B-cells. Molecular docking of pentameric IAPP showed that Asn21 and
Asn22 of IAPP are important for inhibitor binding, which, coupled with the cross-domain binding
interactions of TNGQ, explains its stronger anti-fibrillation and cytoprotective effects than MANT
and YMSV. These findings provide insights into the functional significance of peptide-IAPP

binding interactions in mitigating fibrillation and IAPP-induced cytotoxicity.

Keywords: bioactive peptides; islet amyloid polypeptide; fibrillation; pancreatic B-cells;

biomembrane; cytotoxicity; type 2 diabetes
4.1. Introduction

Common protein conformational diseases, such as Parkinson’s, Huntington’s, Alzheimer’s,
and prion diseases, and other less common diseases, such as transthyretin amyloidosis, are
characterized by naturally endogenous proteins and peptides that are predisposed to the formation
of amyloid plaques and disease progression.'®>!®* One such peptide is the islet amyloid
polypeptide (IAPP) or amylin, which has been implicated in the progression of type 2 diabetes
(T2D). IAPP is a 37-residue basic polypeptide that primarily functions in the postprandial
metabolism of glucose and lipids, with peripheral roles in gastric emptying and satiety regulation.®
This hormonal peptide is co-produced, co-packaged, and co-secreted along with insulin at an

IAPP:insulin ratio of 1:100, posing a challenge to antidiabetic treatments that upregulate insulin
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secretion, as this equally increases the production and secretion of the highly amyloidogenic

peptide 7,102,139

IAPP fibrillogenesis induces pancreatic B-cell toxicity as a result of toxic fibrillar
intermediates such as soluble oligomers, which disrupt cellular membrane integrity via pore
formation, or insoluble mature fibrillar end products, which impart mechanical stress on cellular
membranes, causing ruptures and inducing apoptosis.*!° IAPP fibrillation-induced cytotoxicity is
also caused by the formation of reactive oxygen species, induction of inflammatory responses, and
inhibition of the autophagy response, among other effects.®% Although not as well studied as
popular T2D clinical targets, such as a-glucosidase, dipeptidyl peptidase-IV, and glucose
transporters, IAPP fibril formation occurs at a high incidence in T2D, with more than 95% of
patients presenting with the accumulation of IAPP fibrillar species in the pancreatic Islets of
Langerhans.®87-88165 Thys, it is imperative to identify the inhibitors of IAPP fibrillation. A wide
range of fibrillation inhibitors from different classes of natural compounds, including polyphenols,

peptides, terpenoids, and carbohydrates, has been reported.'3*

IAPP consists of three main domains: the N-terminal membrane-binding domain,
amyloidogenic region, and C-terminus self-association domain.* The amyloidogenic region has
been identified as the driving force behind fibril formation and its associated cytotoxic effects, thus
making it a popular binding region for potential anti-fibrillation agents.****** Our previous study
alluded to the potential effect of regional binding to IAPP on the anti-fibrillation mechanism and
the disaggregative effect of peptides, YMSV, MANT, and TNGQ.!®¢ However, it is not apparent
whether binding interactions and IAPP fibrillation inhibition would translate to reduced IAPP
fibrillation-induced cytotoxicity. Thus, to explore their differential binding behaviors and to
understand their potential cellular protective effects, the role of these anti-fibrillation tetrapeptides
in maintaining cellular membrane integrity and pancreatic -cell viability was investigated. The
findings from this study will provide novel perspectives on the importance of IAPP domains in
fibril formation and insight into the important regions that inhibit fibril formation and associated

cytotoxic effects.

4.2. Materials and methods
4.2.1. Materials
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1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), ThT, chloroform (>99.5%), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC, >99%), 1,2-dioleoyl-sn-glycero-3 phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (ammonium salt) (>99%), ethylenediaminetetraacetic acid
(EDTA) (99.4-100.6%) and calcein were purchased from MilliporeSigma (Oakville, ON, Canada).
Polyethylene glycol tert-octylphenyl ether (Triton X-100) was purchased from VWR
(Mississauga, ON, Canada). Tris(hydroxymethyl)aminomethane (Tris-base; >100.1%), sodium
chloride (>99%), sodium hydroxide (>98%), dimethyl sulfoxide (DMSO), fetal bovine serum
(FBS), penicillin-streptomycin, l-glutamine, and 0.25% trypsin-EDTA were purchased from
Thermo Fisher Scientific (Nepean, ON, Canada). Human islet amyloid polypeptide (IAPP, amylin
(1-37), human; >95%) modified with an amidated C-terminus and a Cys2-Cys7 disulfide bond was
purchased from AnaSpec (Fremont, CA, USA). Tetrapeptides MANT (98.7%), YMSV (95.5%),
and TNGQ (95.7%) were synthesized by GenScript (Piscataway, NJ, USA). RIN-m rat insulinoma
(CRL-2057) cells and RPMI-1640 medium (cat. No. 30-2001) were purchased from ATCC
(Manassas, VA, USA). The CyQUANT™ MTT Cell Viability Assay Kit (cat. No. V13154) was
purchased from Invitrogen (Waltham, MS, USA).

4.2.2. Preparation of IAPP

To disaggregate any existing fibrils prior to the experiments, 1 mg of IAPP was dissolved
in 10 mL HFIP on ice for 30 min and then separated into aliquots of 500 pL with a final
concentration of 0.1 mg/mL. Aliquoted tubes were sonicated for 30 min in an ice bath, immediately
centrifuged at 4 °C for 30 min at 14,000 x g, and then frozen overnight at -80 °C. The samples
were lyophilized the following day, and the resulting peptide films were stored at -80 °C until use.
For each experiment, lyophilized peptide films were reconstituted with 12.5% (v/v) HFIP in
leakage buffer (10 mM Tris, 150 mM NaCl, and 1 mM EDTA, pH 7.4) and used immediately.

4.2.3. Preparation of giant unilamellar vesicles

Calcein-loaded and empty giant unilamellar vesicles (GUVs) were prepared according to
a previously described protocol.'*”!® For imaging purposes, empty GUVs labelled with
rhodamine were used, and loaded GUVs containing calcein were used for leakage studies
(fluorescence and dynamic light scattering analyses). First, a solution of 1,2-dioleoyl-sn-glycero-
3-phosphocholine (7.2 mg/mL) was dissolved in 5 mL of chloroform in a 50 mL centrifuge tube

for both types of GUV. In addition, 1 mg of 1,2-dioleoyl-sn-glycero-3 phosphoethanolamine-N-
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(lissamine rhodamine B sulfonyl) was added to the imaging GUV tube, and each tube was briefly
vortexed, covered with aluminum foil, and placed in a vacuum flask covered with aluminum foil.
The mixture was dried under a stream of nitrogen for 4 h and vacuum dried for another 12-48 h.
Calcein solution (70 mM, 30 mL, pH 7.5) was prepared with leakage buffer (10 mM Tris, 150 mM
NaCl, 1 mM EDTA, pH 7.4), and 10 mL was added to only the calcein-loaded GUV tube, followed
by vortex mixing for 1 min. Each tube was sonicated at 30 °C for 2 h and subjected to five
freeze/thaw cycles consisting of repeated freezing in liquid nitrogen for 3 min, thawing in 60 °C
water for 5 min, and vortexing for 1 min. The GUV formed were stored in aliquots at -80 °C until

use.

To prepare GUVs for imaging or leakage analysis, unencapsulated calcein was separated
from the calcein-loaded GUVs via size exclusion chromatography (Sephadex G-50, Sigma-
Aldrich) using leakage buffer for equilibration and elution. The eluted calcein-loaded GUVs were
stored for a maximum of 72 h at 4 °C before the leakage study.

4.24. Fluorescence GUV leakage assay

This assay was used to examine the cytotoxicity of IAPP on GUVs by monitoring the
amount of calcein leakage caused by membrane rupture in the presence of IAPP and the
effectiveness of the tetrapeptide inhibitors in decreasing calcein permeation. In black 96-well
microplates, 5 pM TAPP was mixed with 5 uM tetrapeptide and 80 pL of GUV in leakage buffer
(10 mM Tris, 150 mM NaCl, and 1 mM EDTA, pH 7.4), and the plate was sealed with Parafilm to
minimize evaporation. In kinetic mode, samples were shaken once for 5 s at the beginning, and
then the fluorescence intensity of the calcein released from GUVs was measured at Aex 485 nm
and Aem 535 nm using top fluorescence intensity measurements at an interval of 30 min for 12 h
at 37 °C using a Spark multimode microplate reader (Tecan, Stockholm, Sweden). The samples
evaluated in this study included a positive control, a negative control, an IAPP control, and
tetrapeptide samples YMSV, MANT, and TNGQ, all in triplicate. The positive control, which
consisted of GUVs mixed with 10% (v/v) Triton X-100 in leakage buffer, provided the maximum
calcein leakage, Fy;. The negative control, consisting of GUVs in the leakage buffer, provided the
baseline fluorescence intensity, F;, of GUVs in buffer. The effect of tetrapeptides alone on GUV's
was also evaluated in the absence of IAPP. The following equation was used to calculate the

percentage leakage of calcein for each sample at each time point:
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F-F,
Fpy—Fo

% leakage = ( ) X 100 4.1

The final fluorescence intensity, F, was measured at 12 h.
4.2.5. Dynamic light scattering

The interactions between the loaded GUYV, tetrapeptides, and IAPP were explored using
two parameters: particle size and polydispersity index (PDI) using a Nano-ZS Zetasizer (Malvern
Instrument Ltd., Malvern, UK). Dynamic light scattering was conducted at 0 h and 12 h for each
sample and incubated at 37 °C between measurements. Solutions of 5 uM IAPP and 5 uM
tetrapeptides, and 400 pL of GUVs in leakage buffer were mixed and analyzed with the Mark-
Houwink parameters for size, where the A parameter was 0.428 and K parameter was 7.67e-5
cm?2/s, the backscattered angle was 173°, and the refractive index was 1.330. All measurements
were performed in triplicate at 37 °C using a disposable polystyrene cuvette after 120 s of
equilibration. Positive (10% (v/v) Triton X-100), negative (GUVs in leakage buffer), and

tetrapeptide controls were analyzed as described in the previous section.
4.2.6. Fluorescence microscopy imaging

Fluorescence microscopic imaging was conducted with the EVOS M5000 Cell Imaging
System (Thermo Fisher Scientific, Nepean, ON) using a Texas Red light cube with Aex of 585 nm
and Aem of 624 nm. Samples were prepared by depositing 5 pL. of each sample on microscope
slides, secured with a coverslip, and sealed with nail polish to prevent evaporation. High-resolution
images of GUV were captured at four time points (0, 2.5, 3, and12 h), with the samples incubated
in a 37 °C water bath between imaging. Images were processed using Zen 2.3 pro software (Carl
Zeiss, Germany) and Image] software (NIH, Bethesda, MD, USA).!!'” The samples and controls
were consistent with those used for the GUV leakage assay and dynamic light scattering analysis,

except that empty GUV were used instead of calcein-loaded GUV.
4.2.7. Thioflavin T kinetics assay

To understand the complex dynamics among IAPP, tetrapeptide inhibitors, and GUVs on
subsequent IAPP fibrillation, ThT fluorescence assays were performed. In black 96-well
microplates, 5 uM IAPP was mixed with 5 uM tetrapeptide, 10 uM ThT, and 80 uL GUV in leakage
buffer (10 mM Tris, 150 mM NaCl, and 1 mM EDTA, pH 7.4). Fluorescence assays were
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conducted in the kinetics mode, where the top measurements were taken every 30 min for 12 h at
37 °C. The plates were sealed with paraffin to minimize evaporation. The fluorescence intensity
was measured at Aex 430 nm and Aem 480 nm using a Spark multimode microplate reader (Tecan,

Stockholm, Sweden). The results are presented as the mean values of triplicate samples.
4.2.8. Molecular docking

Molecular docking of the human IAPP (hIAPP) pentamer with selected peptides was
performed using the LibDock program in the Discovery Studio software. Three-dimensional (3D)
structures of the peptides were produced using ChemBio3D Ultra 14.0. The crystal structure of the
hIAPP pentamer (PDB ID 6VW2) was downloaded from Protein Data Bank (PDB)
(http://www.rcsb.org/pdb). The hIAPP pentamer was composed of two symmetrically related
protofilaments. The model was modified by removing one of the symmetrical protofilaments and
then optimized using the Prepare Protein module. The binding site was determined from current
selection using the Receptor-Ligand Interactions module. After docking, the best pose was selected
based on LibDockScore values. The results of molecular docking were visualized using the

Molecular Operating Environment (MOE) software.
4.2.9. Cell culture

RIN-m rat insulinoma cells were cultured in sterile RPMI-1640 medium supplemented
with 10% (v/v) FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mM glutamine and
maintained in a humidified incubator at 37 °C with 5% COa. At confluency (80-95%), the cells
were expanded using 0.25% trypsin-EDTA or used for the experiments. Cells were passaged on a
weekly basis, and passages 6—8 were used for all experiments. IAPP and peptide inhibitors were
prepared in complete culture medium and then filter-sterilized prior to incubation with RIN-m

cells.
4.2.10.  Cell viability assays

Cell viability was quantified using a CyYQUANT™ MTT Cell Viability assay. Briefly, 1 x
10* cells per well were plated in 100 uL complete culture medium in transparent 96-well plates.
After culturing, the cells were grown to 80% confluency. Thereafter, 100 uL of 5 uM TAPP, with
or without the addition of 5 uM tetrapeptides (YMSV, MANT, and TNGQ), was added to the cells,
and incubated for 24 h at 37 °C with 5% COas. Following incubation, the cells were harvested by
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replacing the medium with MTT reagent dissolved in complete culture medium and incubated for
3 h to allow for the conversion of yellow tetrazolium salt into purple formazan crystals by
mitochondrial reductases in surviving cells. The resulting formazan crystals were dissolved in
DMSO and the absorbance at 569 nm was measured using a Spark multimode microplate reader
(Tecan, Stockholm, Sweden). Cell viability was expressed as a percentage of MTT reduction and

calculated as follows:
% cell viability = (g) x 100 42

C is the absorbance of the cells treated with IAPP with or without tetrapeptide inhibitors, A is the
mean absorbance of the dead cell control samples, and B is the mean absorbance of the live cell
controls. Ethanol (70%, v/v) was used as the dead cell control, whereas complete culture media
was used as the live cell control. All IAPP, peptide, and ethanol solutions were sterile filtered prior

to use, and all experiments involving cells were performed in quadruplicates.
4.2.11. Statistical analysis

Results are expressed as the mean values of experimental replicates + standard deviation.
Statistical differences were determined using one-way or two-way analysis of variance with
GraphPad Prism version 10.2.3 for Windows (GraphPad Software, La Jolla, CA, USA) or SPSS
Statistics version 29.0.2.0 (IBM, Armonk, NY, USA). Significant differences between the mean

values were defined at a level = 0.05, using Sidak’s multiple comparisons test.

4.3. Results and discussion
4.3.1. Decreased IAPP fibrillation-induced calcein leakage in the presence of anti-

fibrillation tetrapeptides

The fluorescence intensity was used to determine the percentage of calcein released
through the GUV membranes. As shown in Figure 4.1A, IAPP demonstrated membrane
disruptive effects on the calcein-loaded GUVs, characterized by a gradual increase in fluorescence
intensity within the first 4 h, followed by a slight decrease and plateau (Figure 4.1A). This
corresponds to a significant time-dependent increase in calcein fluorescence from 8.3% at 0 h to
12.9%, 18.6%, and 17.2% at 2, 3.5, and 12 h, respectively, compared to the intact GUVs control
(Figure 4.1A and B). A rapid increase in the ThT fluorescence kinetics of IAPP indicates rapid
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fibrillation and potential secondary nucleation, which are characteristic of the elongation phase of
IAPP fibrillation.'® This highlights the membrane-disruptive effects of soluble fibrillar
intermediates, such as dimers and oligomers, which are abundant in the early elongation phase.
These intermediates may be responsible for the increased calcein leakage due to pore formation,
which compromises the membrane integrity.!’® After 12-h of incubation, all three tetrapeptides
decreased GUV calcein leakage, with TNGQ producing the strongest inhibition of IAPP-induced
calcein leakage, followed by YMSV and then MANT (Figure 4.1B). TNGQ was also the most
effective inhibitor for maintaining GUV membrane integrity and preventing leakage (0.01 > p >
0.05) at every time point compared to the IAPP control (Figure 4.1B). Interestingly, the
tetrapeptides exhibited strong inhibitory effects at 2 h. Over time, the initial protective effect of
MANT was completely lost, given the continuous increase in fluorescence, which reached that of
IAPP at 12 h (Figure 4.1A). In contrast, YMSV and TNGQ treatments resulted in a rapid
fluorescence plateau over time with IAPP fibrillation, suggesting potential inhibition of IAPP-
membrane interactions. Overall, the addition of TNGQ, YMSV, and MANT decreased GUV
calcein release by 12.1, 10.4, and 0.2%, respectively (Figure 4.1B). Transmission electron
microscopy showed breakthrough fibrillation of IAPP in the presence of MANT and YMSV after
48 h, illustrating the limits to the observed anti-fibrillation activity and associated fibrillation-

induced membrane leakage.'
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Figure 4.1. (A) Fluorescence kinetics of calcein released from GUV over time when exposed to
IAPP in the absence and presence of tetrapeptides YMSV, MANT, and TNGQ. Triton X-100
represents the positive control while ‘Control represents GUV alone. (B) Calcein release relative
to intact GUVs and in the presence of tetrapeptides YMSV, MANT, and TNGQ at 0, 2, 3.5, and 12

h. Bars with different letters denote significantly different mean values (o = 0.05).

4.3.2. Anti-fibrillation activity of tetrapeptides also minimized IAPP fibrillation-induced

increase in particle size
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To elucidate the average particle size and species homogeneity of GUV in the presence of
IAPP and IAPP-tetrapeptides, dynamic light scattering was performed at 0 and 12 h after treatment.
GUVs in the presence of the strong detergent Triton X-100 (10%, v/v) were used as a positive
control to evaluate the average hydrodynamic diameter of the GUVs in the event of complete
disruption of the monolayer membranes. This resulted in average particle diameters of 14.8 £ 0.22
and 14.9 £ 0.12 nm at 0 and 12 h, respectively for the detergent-disrupted GUVs (Figure 4.2A).
The negative control GUVs, in the presence of a leakage buffer, were evaluated for their relative
stability over time. As expected, the GUV maintained a consistent size with average particle
diameters of 1268 £ 38.7 and 1363 + 52 nm at 0 h and 12 h, respectively (Figure 4.2A). Similarly,
the PDI of both controls was very low (< 0.5), indicating their relative stability over time (Figure
4.2B). The addition of IAPP to GUYV significantly (p < 0.0001) increased the particle diameter to
2139 + 34 nm at 0 h and more than 3 folds to 7912 + 127.5 nm after 12 h, relative to the negative
control (Figure 4.2A). Similarly, the slight increase in PDI at 0 h relative to the negative control
became more pronounced at 12 h, illustrating the large species diversity and heterogeneous
environment upon the addition of IAPP (Figure 4.2B). High PDI and average particle diameter (>
6000 nm) are characteristic of IAPP fibrillation.!®® However, the average particle size of GUVs in
the presence of IAPP-MANT or IAPP-YMSV was larger than that of IAPP alone at 0 h. This
suggests that the presence of lipophilic membranes enhanced the initial fibrillation process beyond
the extent attained by IAPP alone or that fibrillation occurred on the GUV surface, which is more
plausible given the subsequent increase in calcein leakage (Figure 4.1A). MANT and YMSV
reduced the average particle diameter at 12 h compared with GUV treated with IAPP. Similar
results were previously observed for both peptides in the presence of IAPP, confirming the
inhibition of IAPP fibrillation by tetrapeptides.'®® In contrast, TNGQ reduced the average particle
size upon addition of IAPP-GUVs at 0 h and after further incubation for 12 h, relative to IAPP-
treated GUVs (Figure 4.2A). Notably, the sample containing TNGQ tended to have a slightly
lower PDI (Figure 4.2B), which still indicates a heterogeneous environment, but to a lesser extent

than the other inhibited samples (Figure 4.2B).

The addition of IAPP resulted in an increase in the average particle diameters observed in
all GUV samples. However, the variation in size both at the initial and final time points when the
tetrapeptides were added indicates that fibrillation inhibition occurred to a certain degree, as

previously reported.'®® However, there were apparent variations in the particle diameters. For
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instance, the IAPP control was reported to have a diameter of 6279 nm, while MANT-, YMSV-,
and TNGQ-treated IAPP had sizes of 409.8, 223.3, and 380.8 nm, respectively.'®® Therefore, the
presence of GUV might have enhanced the fibrillation propensity of IAPP, thus diminishing the
inhibitory activity of tetrapeptides and resulting in larger particles. The role of anionic lipids in
IAPP fibrillation has been studied extensively. It is believed that the negatively charged head
groups of the lipid membrane interact with the positively charged amino acid residues at the N-
terminus of the IAPP.!”! Although it is unclear how this interaction promotes IAPP aggregation,
the concentration of free lipids has been reported to correlate positively with the acceleration of
IAPP aggregation kinetics.!”! Given the relatively uncharged nature of DOPC GUVs, our findings
suggest that other forces, such as hydrophobic interactions, play a role in facilitating IAPP fibril-
GUYV interactions, thus creating additional layers around the GUVs and increasing the average
particle diameter. Furthermore, rodent IAPP (rIAPP), which is more positively charged, has poor
membrane insertion capabilities in anionic lipid membranes compared with hIAPP, further

illustrating the importance of the hydrophobic core region of IAPP in membrane interactions.!”

115



A B GUV+Triton X = GUV 1 GUV+IAPP
3 GUV+IAPP+MANT BE= GUV+IAPP+YMSV B GUV+APP+TNGQ

Average Particle
Diameter (nm)

0 12
Time (h)

ab

-
N
|

abc ab ab apc ab

o
o
I

bd

e
=
]

cd

L |

0 12
Time (h)

Polydispersity Index

=

Figure 4.2. (A) Average particle diameter (nm) and (B) PDI of GUVs in the presence of IAPP
alone (IAPP control) and IAPP in the presence of tetrapeptides YMSV, MANT, and TNGQ at the
initial (0 h) and final (12 h) time points. Bars with different letters denote significantly different

mean values (o = 0.05).

4.3.3. Anti-fibrillation tetrapeptides minimized lipid membrane-induced IAPP fibrillation
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Fluorescence images of each sample were obtained at four time points (0, 2, 3.5, and 12 h)
to visualize the effects of IAPP and IAPP tetrapeptides on the general morphology and dispersion
of rhodamine-labelled GUVs. The Triton X-100 positive control provided the baseline with
complete disruption of the GUVs, corroborating the dynamic light scattering results (Figures 4.2
and 4.3). Conversely, the GUVs alone showed an even distribution of GUVs at each time point,
demonstrating stability in maintaining general morphology and distribution over 12 h (Figure 4.3).
The addition of IAPP resulted in uniform distribution and consistent GUV morphology after 2 h
of incubation. However, an increase in the number of larger, irregularly shaped puncta was
observed at 3.5 h, with a further increase in number at 12 h (Figure 4.3). The increase in puncta
size corroborates the increased average particle diameter (Figure 4.2A), whereas the more
heterogeneous dispersion of puncta confirms the high degree of polydispersity (Figure 4.2B). The
increased presence of larger puncta could be a result of the agglomeration of liberated fluorescent-
labelled lipids with the hydrophobic regions of IAPP fibrils present in the complex mixture.
Comparing the effects of the tetrapeptides in maintaining a similar dispersity to the negative
control, MANT gradually lost its GUV content, which was most evident at 12 h, where large puncta
were visible (Figure 4.3). The few GUVs lacked a spherical shape, suggesting the destruction of
the membrane. Of the three tetrapeptides, YMSV appeared to perform best in maintaining the
general dispersion and GUV morphology of the negative control within the first 3.5 h (Figure 4.3).
This was followed by TNGQ, with slightly larger puncta as early as 2 h, which increased in size
over time (Figure 4.3). This effect did not appear to translate to increased calcein leakage (Figure
4.1A). At 12 h, TNGQ resulted in the least number of larger puncta compared to YMSV and
MANT, which corroborates their effects on the average particle size of [APP-GUVs (Figure 4.2A).

[APP disrupts cellular membrane integrity by extracting lipids from the membrane,
resulting in the formation of heterogeneous fibrillar structures with phospholipid molecules
tangled within the complex matrix of the fibrils.!”® The IAPP-induced lipid membrane “pulling”
mechanism has been previously illustrated, whereby the exposure of the hydrophobic regions of
the lipid membrane to [APP enhances the incorporation of lipids into the hydrophobic IAPP fibrils.
This process further enhances fibrillation, thus creating a positive feedback loop between lipid-
IAPP interactions, IAPP fibrillation, and enhanced lipid liberation because of fibril-induced
membrane damage.'”* The presence of covalently attached rhodamine to some of the lipids enabled

tracking of aggregation of the fibrils that were entangled with the lipids, hence explaining the

117



increased presence of larger puncta over time. Thus, with the change in puncta size and distribution
relative to the negative and IAPP controls, it can be concluded that the interactions between IAPP
and the tetrapeptides play a role in reducing subsequent IAPP fibrillation in GUVs, with TNGQ

consistently outperforming the other two tetrapeptides.

Control

IAPP+TNGQ IAPP control Triton X-100

IAPP+MANT IAPP+YMSV
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Figure 4.3. Fluorescence microscopy images of GUVs treated with IAPP alone (IAPP control) and
IAPP in the presence of tetrapeptides YMSV, MANT, and TNGQ at the initial timepoint (0 h) and
after 2, 3.5, and 12 h of incubation.

4.3.4. Increased cytoprotective effects of TNGQ on pancreatic p-cells in the presence of
IAPP

The tetrapeptides demonstrated anti-fibrillation activity with variable binding regions,
resulting in variable inhibitory mechanisms and associated inhibitor strengths. However, anti-
fibrillation does not guarantee a decrease in [APP-induced cytotoxicity, especially because
inhibition results in the production of various fibrillar intermediates, some of which may maintain
their cytotoxicity. This highlights the importance of evaluating the effectiveness of anti-fibrillation
inhibitors in demonstrating cytoprotective effects during IAPP fibrillation. Thus, cell viability was
assessed using the MTT assay to determine whether the anti-fibrillation activities of the
tetrapeptides translate to cytoprotective effects against IAPP fibrillation-induced toxicity in
pancreatic B-cells. Significant deleterious effects of 5 pM IAPP were observed on RIN-m cells,
with its addition reducing cell viability to 6.4 + 6.4% after 24 h (Figure 4.4A). Similarly, the
treatment of rat insulinoma (INS-1) cells with 20 uM hIAPP oligomers reduced B-cell viability by
95%.!7* Fibrillation intermediates, such as soluble oligomers and protofibrils, diminish cell
viability via the induction of apoptotic markers, such as Fas receptor and caspase-8, reactive
oxygen species production, endoplasmic reticulum stress, defects in autophagic response, and the
disruption of cellular membranes through pore formation on the membrane surface.*!”
Interestingly, despite their moderate anti-fibrillation activity and membrane protective effects,
YMSV and MANT failed to increase cell viability, relative to IAPP-treated cells (Figure 4.4A).
TNGQ maintained the strongest effect, increasing cell viability to 47.5 + 3.8% in the presence of
IAPP (Figure 4.4A). Fibrillation occurred more rapidly in the presence of GUVs, where the
maximum fluorescence intensity was reached within the first two hours (data not shown),
compared to in the absence of GUVs, where the maximum fluorescence intensity was achieved
after 24 h of incubation.!®® Similar lipid effects on IAPP fibrillation have been reported previously
whereby incubation of IAPP with 0.25-1.0 mg/mL phospholipids isolated from whole pancreas of
a Type 2 diabetic patient accelerated fibrillation by 10-fold.26 However, anti-fibrillation activity

was maintained for TNGQ and MANT over time with the largest fluorescence decrease of 31.9 +
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1.9% and 37.1 + 2.1%, respectively, was observed at 12 h and to a lesser extent, YMSV with a
fluorescence decrease of 17.1 + 14.5% at 12 h (data not shown). The extent of fibrillation inhibition
may explain the observed cytoprotective effects of tetrapeptides against IAPP fibrillation-induced

toxicity.

By observing the fibrillation kinetics of TAPP in the presence of membrane-like
environments, light microscopy of the RIN-m cells showed morphological changes in the cells
upon addition of IAPP, some of which were restored in the presence of the TNGQ inhibitor,

corresponding to cell viability (Figure 4.4B).
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Figure 4.4. (A) The viability of RIN-m cells in the presence of 5 uM IAPP alone or in the presence
of equimolar concentrations of YMSV, MANT, or TNGQ after 24 h. Bars with different letters
denote significantly different mean values (p <0.05). (B) Brightfield images of RIN-m cells treated
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with complete culture medium (live cell control), 70% (v/v) ethanol (dead cell control), and IAPP
in the absence and presence of tetrapeptide inhibitors (YMSV, MANT, and TNGQ). Scale bar

represents 500 pm.
4.3.5. Importance of IAPP cross-domain interactions in anti-fibrillation activity of TNGQ

We have previously reported the docking of tetrapeptides with monomeric IAPP.!%
However, given the complexity of IAPP fibrillation and the likelihood of tetrapeptide inhibitors
binding to multiple species, it is imperative to observe oligomer binding to better evaluate the
mitigation of [APP-induced cytotoxicity, especially for TNGQ. IAPP fibrils consist of two
symmetrically related protofilaments with ordered residues 14-37.'%> Residues 1-13 are not
involved in IAPP fibrillation because the segment cannot form fibrils independently.>*!* The
hIAPP segment corresponding to positions 20-29 was proposed to be the amyloidogenic core
region. Subsequent studies have proposed additional residues within the fibril core of hIAPP,
including residues 12-17, 13-18, 15-20, and 30-37.°>!7° The interactions between each tetrapeptide
and the pentameric IAPP binding site are shown in Figure 4.5. The tetrapeptides preferentially
bind to pentameric hIAPP at the amyloidogenic core of residue 20-22 and 27-28. TNGQ binds to
the IAPP pentamer with four chains, showing the highest docking score of 94.38 (Table 4.1). Polar
interactions between TNGQ and IAPP were facilitated by the formation of three hydrogen bonds,
two of which were backbone donors to Asn22 residues of the A and C chains and a side-chain
donor from Thr to Ser20 of the A chain (Figure 4.5B). Conversely, YMSV interacted with three
chains across the two regions of residue 20-22 and 27-28, forming interactions with Ser20, Asn21,
Asn22, Leu27, and Ser28 (Figure 4.5C). Furthermore, YMSV had the most favorable binding
energy of -5.6529 kcal/mol, maintaining its highly favorable binding, as previously observed with
monomeric IAPP.'%® Additionally, YMSV had the least number of polar interactions, with three
hydrogen bonding interactions formed between two residues: Ser20 of the B chain and Ser28 of
the A chain (Figure 4.5D). Similar to TNGQ, MANT also demonstrated interactions with four
chains in the core region (Figure 4.5E). However, its extent of interaction was comparable to that
of YMSYV, which spans the entirety of the core amyloidogenic region, forming hydrogen bonding
interactions with Ser20, Asn21, Asn22, and Leu27. Among the three tetrapeptides, MANT
demonstrated the least favorable binding energy of 81.36 (Table 4.1). Interactions with the IAPP

pentamer consisted entirely of polar side-chain interactions facilitated via hydrogen bonding,
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donating electrons from the N-terminal amide proton of Met to the hydroxylic oxygen of Ser20 of
the C chain (Figure 4.5F). Additionallyy, MANT served as an electron acceptor from the
electrophilic side chains of Ser20 and Asn22 of the C chain (Figure 4.5F). Both MANT and TNGQ
interact directly with the side chain of Asn22, an interaction that is also observed with TNGQ and
monomeric IAPP.'® This is significant because Asn and Gln are highly susceptible to deamidation,
a post-translational modification that occurs spontaneously in proteins and accelerates hIAPP
fibrillation in vitro.'°"17%!77 JAPP is abundant in Asn residues (six, accounting for 16% of its total
amino acid content), three (Asn21, Asn22, and Asn35) of which are highly susceptible to
deamidation and are instrumental in oligomer formation.'°"!'’8 Thus, the role of MANT and TNGQ
in increasing B-cell viability (Figure 4.4A) can be attributed to anti-fibrillation activity through
the prevention of fibrillation-promoting deamidation of Asn21 and Asn22, and by blocking its role
in Asn-Asn stacking interactions during IAPP oligomerization.'”” In addition, TNGQ formed more
hydrophobic interactions with pentameric hIAPP than with MANT, especially at the region of
residue Leu27-Ser28. Some flavonoids inhibit the aggregation of hIAPP by affecting the extended
conformation of Ser28, which is positively correlated with the stability of hIAPP.®” The formation

of hydrophobic interactions may promote the stable binding of TNGQ to pentameric IAPP.

Table 4.1. Docking results for TNGQ, MANT, and YMSV binding to hIAPP pentamer (PDB:

6VW2).
Sequence | S n Interactions
Hydrogen bonds Hydrophobic interactions
TNGQ 94.38 4 Ser420, AsnA22, | SerB20, SerC20, SerD20, AsnAd2l,
AsnC22 AsnB21, AsnB22, AsnD22, Leud27,
LeuB27, LeuC27, LeuD27, SerB28,
SerD28
MANT 81.36 4 SerB20, SerC20, | SerA20, AsnA2l, AsnB2l, AsnD2I,

SerD20, AsnC22 AsnAd22, AsnB22, AsnD22, Leud27,
LeuB27, LeuC27

YMSV 91.83 3 Ser428, SerB20 Ser420, SerC20, AsnB2Il, AsnC2l,
AsnC22, AsnB22, Leud27, LeuB27,
LeuC27, Ser428

Abbreviations: n, number of interacting chains; S, LibDock score.
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Figure 4.5. 3D and 2D interactions of (A-B) TNGQ, (C-D) YMSYV, and (E-F) MANT with the

hIAPP pentamer (PDB: 6VW?2). Residues circled in pink participate in electrostatic interactions,

indicated as polar residues, and residues circled in green participate in van der Waals interactions,

indicated as “greasy” interactions. The green dotted lines indicate interactions facilitated by side

chains, and the blue dotted lines indicate interactions facilitated by the backbone. The arrow at the

end of the dotted lines indicates the direction of the proton acceptance or donation.
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4.4. Conclusions

In this study, anti-fibrillation tetrapeptides, YMSV, MANT, and TNGQ, were evaluated to
determine whether region-specific binding translates to increased cytoprotective effects against
IAPP fibrillation. In line with a previous study, TNGQ remained the strongest of the three
tetrapeptide inhibitors for reducing IAPP-induced calcein leakage across the membrane and
minimizing fibrillar progression in GUVs. Interestingly, the anti-fibrillation activity of YMSV and
MANT did not translate into significant cytoprotective effects in rat insulinoma RIN-m cells
relative to cells treated with IAPP alone. Nonetheless, MANT had the strongest binding with
pentameric IAPP, followed by YMSV and then TNGQ, all of which preferentially interacted with
the amyloidogenic region of IAPP. It can be concluded that while binding interactions are
necessary to elucidate the potential mechanisms of inhibition, it is not a holistic depiction of
inhibitor potency. Notably, strong binding does not necessarily equate to anti-fibrillation activity,
nor does higher peptide hydrophobicity, or the presence of aromatic amino acid residues, such as
phenylalanine or other amino acids that participate in n-n interactions with IAPP. As demonstrated
by TNGQ, fibrillation inhibitors do not need to bind to the hydrophobic residues of the
amyloidogenic region of IAPP to affect anti-fibrillation activity. Rather, binding across the
amyloidogenic region (incidentally, to highly hydrophilic residues, specifically Asn21 and Asn22)
is important for preventing IAPP oligomer formation. While the three peptides demonstrated anti-
fibrillation activity based on ThT fluorescence kinetics, only one peptide (TNGQ) translated into
protective effects against IAPP-induced cytotoxicity. TNGQ was also the only tetrapeptide that
exhibited cross-domain interactions, having binding interactions in the N-terminal membrane-
binding domain and C-terminal self-association region of the IAPP monomer, and the
amyloidogenic region of the IAPP pentameric model. This can be attributed to the effect of species-
specific interactions in discouraging IAPP fibrillation and subsequent formation of toxic
oligomeric species by binding to oligomer-promoting residues, such as Asn21 and Asn22, while
preventing membrane rupture-inducing interactions by binding to the C-terminal region of IAPP
monomers. Finally, the fibril disaggregatory effects of TNGQ can prevent mechanical-induced
cellular membrane damage by reducing the length and diameter of the IAPP fibrils. Taken together,
the multilevel inhibitory approach of TNGQ against IAPP fibrillation translates to the reduction of
associated cytotoxicity, thus enhancing B-cell viability. Future research directions include

understanding the mechanism of the cytoprotective effects of TNGQ on B-cells, for example, its
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effects in managing IAPP fibrillation-induced reactive oxygen species production, membrane

leakage, apoptotic pathways, autophagy response, and glucose-stimulated insulin secretion.
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5.0. Abstract

Type 2 diabetes development has been associated with islet amyloid polypeptide (IAPP)
fibrillation. IAPP fibrils have various deleterious effects, such as oxidative stress and disruption of
cellular membrane integrity, resulting in pancreatic B-cell toxicity. Rutin, a plant polyphenol,
possesses promising cytoprotective effects as a fibrillation inhibitor. Similarly, bioactive peptides
have been identified as potential inhibitors to IAPP fibrillation. In this study, the effect of peptide-
polyphenol interactions between rutin and three peptides, TNGQ, MANT, and YMSYV, on anti-
fibrillation activity and cellular response was elucidated. Results indicated a 54.7-75.1% decrease
in thioflavin T fluorescence, confirming anti-fibrillation activity. The mixture decreased the
average particle diameters of JAPP more than the single inhibitors, suggesting a combined effect
of peptide-rutin interactions in enhancing anti-fibrillation activity. IAPP fibrillation-induced rat
insulinoma RIN-m cell death was restored in the presence of the peptide/rutin mixture, but the
activity was lower relative to rutin alone, suggesting a non-additive effect of the mixture.
Transmission electron microscopy showed a near-complete inhibition of IAPP fibrillation by
TNGQ/rutin mixtures, which translated to a decreased production of membrane-bound TAPP
oligomers in RIN-m cells based on immunofluorescence staining. Additionally, TNGQ/rutin
mixtures significantly decreased reactive oxygen species production by 30%, higher than the
effects of single inhibitors, but no effect was observed on glucose-stimulated insulin secretion. The
results demonstrate the potential of multifunctional compounds as dual inhibitor systems in
controlling TAPP fibrillation and provide insight into the implications of peptide-polyphenol

interactions towards the rational development of novel anti-diabetic nutraceutical combinations.

Keyword: islet amyloid polypeptide; fibrillation; bioactive peptides; polyphenols; pancreatic -

cells; reactive oxygen species; insulin secretion; type 2 diabetes
5.1. Introduction

Protein misfolding and aggregation resulting in amyloid plaques formation have been
implicated in the prognosis of several diseases, such Alzheimer's, prion, Parkinson’s, and type 2
diabetes (T2D).2%%1%4 These diseases are largely multifactorial, wherein the fibrillation of the
originally functional proteins or peptides form errant species that trigger a wide range of
deleterious effects, such as impeded cellular signaling, loss of homeostasis, and metabolic

dysregulation.®®!” Several studies have reported the identification of compounds that prevent the
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formation of protein fibrils, target the existing fibrils for degradation, or disaggregate fibrils into

4180-182 However, the multifactorial nature of these fibrillar pathogens is

their functional species.
less explored, as the inhibitors are generally targeted on amyloidogenesis and seldom on other
pathological manifestations of the formation of fibrillar species, such as reactive oxidative species

production.

One of such examples is islet amyloid polypeptide (IAPP) or amylin, a hormonal peptide
that functions endogenously in postprandial blood glucose regulation, gastric emptying, and satiety
regulation.*® In the B-cells of the pancreatic Islets of Langerhans, the 37-residue basic polypeptide
is originally co-produced as a prohormone, along with insulin, then co-packaged and co-secreted
by the endoplasmic reticulum and Golgi apparatus, respectively.®!®> However, IAPP has an
increased propensity to self-interact, resulting in the formation of fibrillar species that are toxic to
B-cells, thus exacerbating T2D.%”*3* In fact, fibrillar IAPP species have been identified in the
pancreas of over 95% of diabetic patients, highlighting their instrumental role in disease
prognosis.®”19 TAPP fibrillation-induced pancreatic B-cell toxicity is caused by various factors,
all resulting in the reduction of B-cell mass, a major hallmark of T2D.*”3? This process is
exacerbated by the elevated secretion of insulin, and inadvertently IAPP, resulting in the increased
circulation of IAPP and fibrillogenesis.® Specifically, the IAPP:insulin molar ratio of 1:100
secreted by B-cells for healthy individuals is increased to 1:20 in people with T2D, further
exacerbating the potential of IAPP fibrillation-induced B-cell cytotoxicity.'®* Hence, targeting
IAPP fibrillation in mitigating T2D disease progression is imperative. Several compounds,
including peptides, polyphenols, terpenoids, carbohydrates, and some inorganic compounds, have

been reported for their anti-fibrillation activities against [APP. #46:97.142

Anti-fibrillation compounds, although structurally diverse, have two main mechanisms of
function: (1) direct binding of the inhibitor with monomeric IAPP, hence preventing subsequent
self-association and formation of fibrils, and (2) binding and disaggregating preformed fibrils or
fibrillar intermediates to revert to partially inhibited aggregates.!” A third, less commonly
considered mechanism consists of dual anti-fibrillation systems, comprising of two known
fibrillation inhibitors of similar or different inhibition mechanisms. When used simultaneously or
sequentially, the complete inhibition of fibrillation may occur, either directly where the

combination completely inhibits the formation of aggregates, or indirectly where partially
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inhibited aggregates are formed as intermediates.!” Given the multiple mechanisms at play, the
dual system provides strong potential for the development of unique anti-fibrillation combinations

to enhance the inhibition of IAPP fibrillation compared to single inhibitor systems.

A plethora of research has gone into the use and functionality of peptide-polyphenol
combinations as functional food components in improving biological functions.!®>!%¢ However,
some studies have reported a diminished or complete loss of bioactivity resulting from peptide-
polyphenol interactions.'**!%¢ Alterations in bioactivity are due to direct binding, usually driven
by noncovalent (H-bonding, electrostatic, m-m, etc.) interactions or, less commonly, covalent
bonding between oxidized phenolics and lysine residues, forming peptide-phenolic cross-
linkages.'** Some peptides and polyphenols have been identified for their anti-fibrillation activity
against IAPP.6191:166 For example, peptides YMSV, MANT, and TNGQ effectively inhibited IAPP
fibrillation, with TNGQ also demonstrating strong fibril disaggregative activity '*°. Similarly,
polyphenols rutin and quercetin have demonstrated strong anti-fibrillation activity across various
amyloidogenic proteins and peptides, including IAPP, B-lactoglobulin, insulin, and B-amyloid, via
a combination of monomeric binding and disaggregative effect to enhance anti-fibrillation
activity.”>*6187:188 Hence, in this study, known anti-fibrillation peptides, YMSV, MANT, and
TNGQ, and polyphenol, rutin, were used as model compounds to investigate the effects of peptide-
polyphenol interactions on anti-fibrillation activity and to understand the physiological

implications of the bioactivity on pancreatic B-cell functionality.

5.2. Materials and methods
5.2.1. Materials

Tris(hydroxymethyl)aminomethane (Tris-base; >100.1%), sodium chloride (=99%),
sodium hydroxide (=98%), dimethyl sulfoxide (DMSO), fetal bovine serum (FBS), penicillin-
streptomycin, L-glutamine, 0.25% trypsin-EDTA, 37% formaldehyde, 4',6’-diamindino-2-
phenylindole, dihydrochloride (DAPI), and sodium bicarbonate (=99%) were purchased from
Thermo Fisher Scientific (Nepean, ON, Canada). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), rutin
hydrate (>94%), thioflavin T (ThT), sodium phosphate dibasic dihydrate (>99%), potassium
phosphate monobasic (>99%), hydrogen chloride, 2',7'-dichlorofluorescin diacetate (DCFH-DA),
bovine serum albumin (>98%), potassium chloride (>99%), calcium chloride (>97%), magnesium

sulfate, anhydrous (=97%), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-
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hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES, >99.5%), and b-(+)-glucose
(>299.5%) were purchased form MilliporeSigma (Oakville, ON, Canada). Human IAPP (amylin (1-
37), human; >95%) modified with an amidated C-terminus and a Cys2-Cys7 disulfide bond was
purchased from AnaSpec (Fremont, CA, USA). Peptides MANT (98.7%), YMSV (95.5%), and
TNGQ (95.7%) were synthesized and supplied by GenScript (Piscataway, NJ, USA). UranyLess
counterstain was purchased from Electron Microscopy Sciences (Hatfield, PA, USA). RIN-m rat
insulinoma (CRL-2057) cells and RPMI-1640 medium (cat. No. 30-2001) were purchased from
ATCC (Manassas, VA, USA). The CyQUANT™ MTT Cell Viability Assay Kit (cat. No. V13154)
and wheat germ agglutinin Texas Red-X conjugated (cat. No. W21405) were purchased from
Invitrogen (Waltham, MS, USA). Amyloid oligomers (A11) polyclonal antibody conjugated with
FITC (cat. No. SPC-506D-FITC) was purchased from Cedarlane Labs (Burlington, ON, Canada).
Ultra Sensitive Rat Insulin ELISA kit (cat. No. 90060) was purchased from Crystal Chem (Elk
Grove Village, IL, USA).

5.2.2. Preparation of IAPP

To disaggregate preformed IAPP fibrils, 1 mg of IAPP was dissolved in 10 mL ice cold
HFIP on ice for 30 min and then aliquoted at 0.1 mg/mL in 500 uL per Eppendorf tube. Thereafter,
the tubes were sonicated on ice for 30 min, and then immediately centrifuged at 14,000 x g for 30
min at 4 °C. HFIP was dried in a fume hood for 16 h and the peptide films were stored at -80 °C
until use. For each experiment not involving cells, peptide films were reconstituted in 500 pL of 1

M Tris buffer (pH 7.4) immediately prior to use.
5.2.3. Thioflavin T kinetics assay

Thioflavin T (ThT) dye was used to monitor IAPP fibrillation kinetics in the absence and
presence of the anti-fibrillation compounds and combination. In 96-well black plates with clear
bottoms, 5 uM IAPP in the absence or presence of 5 uM peptide (MANT, YMSV, or TNGQ), 5
UM rutin, or equimolar concentration (5 pM) of peptide/rutin mixture, and 10 uM ThT in 1 M Tris
buffer (pH 7.4) was added to the respective wells. The plates were then sealed with Parafilm strips
to minimize evaporation and incubated for 48 h at 37 °C. Endpoint fluorescence intensities were
measured following the incubation period, using the Spark multimode microplate reader (Tecan,

Stockholm, Sweden) at Aex 430 nm and Aem 480 nm.
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5.24. Dynamic light scattering analysis

Dynamic light scattering was used to measure the average particle size and polydispersity
index of IAPP samples in the absence and presence of 5 uM peptides (MANT, YMSV, TNGQ), 5
uM rutin, or equimolar concentration of peptide-rutin combination. Each sample was incubated at
37 °C for 48 h and analyzed using the Nano-ZS Zetasizer (Malvern Instruments Ltd., Malvern,
UK) with the Mark-Houwink parameters (A parameter of 0.428, K parameter of 7.67¢> cm?/s,
backscattered angle of 173°, and refractive index of 1.330). All measurements were performed in

disposable polystyrene cuvettes after an equilibration period of 10 s.
5.2.5. Transmission electron microscopy

Transmission electron microscopy (TEM) was performed to visualize the effect of the
TNGQ-rutin combination on IAPP fibrillar morphology. Mixtures of 5 uM TNGQ, 5 uM rutin, a
combination of 5 pM TNGQ, or 5 uM rutin and 5 uM IAPP in 1 M Tris buffer (pH 7.4) was
incubated at 37 °C for 48 h. Subsequently, 10 puL of each mixture was placed on a 300-mesh
Formvar-carbon-coated copper grid on Parafilm for 5 min, and the excess sample was blotted with
Kimwipes. Each sample-loaded grid was counterstained with UranyLess for 1 min in the dark and
the excess solution was removed. Thereafter, the stained grids were images using a JEM-1400Flash
Electron Microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 120 kV. All images were

processed using the ImagelJ software (NIH, Bethesda, MD).!!”

5.2.6. Cell culture and treatment

Rat insulinoma (RIN-m) cells were cultured in complete culture media consisting of sterile-
filtered RPMI-1640 medium supplemented with 10% (v/v) FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 2 mM L-glutamine. The cells were maintained at 37 °C in a humidified
atmosphere containing 95% air and 5% CO,. Once a ~80-95% confluency was reached, the cells
were trypsinized using 0.25% trypsin-EDTA and either expanded or used for experiments. Cells
were passaged on a weekly basis, refreshing media every 3-4 days, and passages 9-16 were used
for all experiments at a cell density of 1 x 10* cells per well. Prior to treatments, cells were grown
to ~70-80% confluency and then treated with 5 uM IAPP, with or without the addition of 5 uM
peptide (MANT, YMSYV, or TNGQ), rutin or their mixtures, and incubated at 37 °C with 5% CO»
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for an additional 24 h to allow for IAPP fibril formation, unless otherwise stated. All IAPP, sample,

and ethanol solutions were prepared in complete culture media and sterile filtered prior to use.
5.2.7. Cell viability assay

The CyQUANT™ MTT Cell Viability assay was used to evaluate the effectiveness of the
anti-fibrillation peptides and rutin mixtures in mitigating IAPP fibrillation-induced cytotoxicity.
Cells were cultured in transparent 96-well plates suitable for cell culture at 100 pL/well, then
grown and treated as described previously. Post-treatment, the cells were harvested by replacing
treatment medium with MTT reagent dissolved in complete culture medium and then incubated
for 3 h at 37 °C with 5% COs. The resulting formazan crystals were dissolved with DMSO, and
the color change was measured as absorbance at 569 nm wavelength using the Spark multimode
microplate reader (Tecan, Stockholm, Sweden). Cell viability was expressed as a percentage of

MTT reduction using the equation:

% cell viability = (%) x 100 5.1

B_

The absorbance of the treated cells, C, is compared with absorbance of the dead cell control (70%

(v/v) ethanol), A, and the live cell control (complete culture media), B.
5.2.8. Immunofluorescence microscopy

Cells were grown in 6-well plates at a final volume of 2 mL/well and then grown until 75-
80% confluency. Thereafter, cells were treated as previously described. Following a 24-h IAPP
treatment in the absence and presence of TNGQ, rutin, or TNGQ/rutin mixtures, cells were
harvested and washed twice with 1X PBS buffer (pH 7.4), and then fixed with 3.7%
paraformaldehyde in PBS for 30 min at room temperature. Fixed cells were washed twice more
with 1X PBS buffer (pH 7.4), and the cell membrane was stained with 5 pg/mL wheat germ
agglutinin for 20 min at room temperature in the dark. The cells were washed once more with 1X
PBS buffer (pH 7.4) and then permeabilized with 0.1% (v/v) Triton X-100 in PBS for 30 min at
room temperature. Following the incubation period, the cells were washed twice with 1X PBS
buffer (pH 7.4), blocked with 5% (w/v) BSA for 30 min at room temperature, and then washed
with 0.1% (w/v) BSA in PBS (pH 7.4). Membrane-bound and internalized amylin oligomers were
detected by incubating cells with FITC-conjugated oligomer-specific A110 antibody at a 1:375
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dilution for 1.5 h at room temperature in the dark. Thereafter, cells were washed twice more with
0.1% (w/v) BSA in PBS (pH 7.4) and then incubated with 1:1000 DAPI for 5 min in the dark to
stain nucleic acids. Cells were subsequently washed with 0.1% (w/v) BSA in PBS (pH 7.4) and
then aspirated. Glass coverslips were added to each well and the cells were imaged using the Axio
Imager 2 fluorescence microscope equipped with an Axiocam 506 camera (Carl Zeiss, Germany)
using the FITC (Aex 495 nm Aem 519 nm), TX-RED (Aex 592 nm Aem 614 nm), and DAPI (Aex 353
nm Aem 465 nm) channels. Images were processed using the Zen 2.3 pro software (Carl Zeiss,

Germany).
5.2.9. Reactive oxidative species production assay

DCFH-DA was used to measure [APP fibrillation-induced cellular reactive oxidative
species (ROS) production in insulinoma cells in the absence or presence of TNGQ, rutin, or
TNGQ/rutin mixtures. Cells were grown in black 96-well plates with clear bottoms at 100 pL/well
until 75-80% confluency and then treated with IAPP with and without samples for 6 h to allow for
ROS production. Next, 20 uM DCFH-DA in serum-free media (RPMI-1640) was added to each
well and incubated for 30 min in the dark at 37 °C. Cells were then washed twice with 1X PBS
buffer (pH 7.4) and suspended in PBS for detection. Thereafter, 2',7'-dichlorofluorescein
fluorescence intensity (Aex 485 nm Aem 530 nm) was measured every 30 min for 3 h with the Spark
multimode microplate reader, incubating at 37 °C with 5% CO: in between each measurement
(Tecan, Stockholm, Sweden). The rate of ROS production was determined as slope of the linear

regression of the fluorescence vs time plot.
5.2.10.  Glucose-stimulated insulin secretion assay

To understand the cytoprotective effects of TNGQ, rutin, and TNGQ/rutin mixtures against
IAPP fibrillation-induced effects on cellular functionality, the glucose sensitivity of RIN-m cells
was assessed. Cells were grown in transparent 96-well plates at 100 pL/well and treated as
described previously. Post-treatment, cells were washed with Krebs-Ringer bicarbonate HEPES
(KRBH) buffer (115 mM NaCl, 4.7 mM KClI, 1.28 mM CaClz, 1.2 mM MgSO4, 10 mM NaHCOs,
20 mM HEPES, pH 7.4) supplemented with 1.1 mM glucose and 1 mg/mL BSA to remove all
traces of complete culture medium, and then preincubated with in KRBH buffer supplemented
with 1.1 mM glucose and 1 mg/mL BSA for 60 min at 37 °C at 5% CO.. Following preincubation,
cells were treated with 1.1 mM or 20 mM glucose in KRBH buffer and incubated for 60 min at 37
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°C at 5% COz. The supernatants were collected from each well, and the glucose-stimulated insulin
secretion was measured using the Ultra Sensitive Rat Insulin ELISA kit according to the
manufacturer’s protocol. Absorbance was measured at a wavelength of 450 nm using the Spark

multimode microplate reader (Tecan, Stockholm, Sweden).
5.2.11.  Statistical analysis

All results are expressed as the mean values of experimental replicates + standard
deviation. Statistical differences between the mean values were evaluated via one-way analysis of
variance with GraphPad Prism version 10.2.3 for Windows (GraphPad Software, La Jolla, CA,
USA) or SPSS Statistics version 29.0.2.0 (IBM, Armonk, NY, USA). Multiple comparisons

between mean values were performed using the Sidak’s test defined at o level = 0.05.

5.3. Results and discussion

5.3.1. Effect of peptide/rutin mixtures on IAPP fibrillation and fibrillar morphology

To observe the effect of peptide/rutin mixtures on anti-fibrillation activity, ThT
fluorescence kinetics were performed. ThT is a nonfluorescent dye that, upon binding to the f-
sheet-rich regions of IAPP fibrils, becomes fluorescent (Figure 5.1A). The extent of fibrillation
inhibition by the peptides and rutin is then quantified by determining the percent fluorescent
decrease relative to the uninhibited IAPP control. Endpoint ThT measurements indicated a
significant decrease (p < 0.05) in IAPP fibrillation after 48 h for all inhibitor mixtures tested
(Figure 5.1B). This translates to >50% decrease in ThT fluorescence intensity, indicating strong
anti-fibrillation activity (Figure 5.1C). Rutin demonstrated the highest inhibition of 75.1 + 12.5%,
more than TNGQ of 54.7 + 1.1% (Figure 5.1C), despite both possessing strong anti-fibrillation
and disaggregative activity against IAPP as previously reported.”>!®® In combination, the anti-
fibrillation activity of TNGQ/rutin mixtures tended to increase by 15.5% and decrease by 13.8%
(p > 0.05) relative to TNGQ and rutin alone, respectively (Figure 5.1C). Similarly, the mixtures
of YMSV or MANT with rutin did not show any obvious enhancement in anti-fibrillation activity
(Figure 5.1C). The results suggest a non-additive effect of the inhibitor mixtures on anti-

fibrillation activity.

The effect of anti-fibrillation activity on the average size of IAPP fibrils were also

elucidated by DLS. As expected, a significant increase in particle diameter from 1256.7 + 610.1
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nm to 7153.7 + 2769 nm was observed with IAPP after 48 h, confirming the presence of fibrillation
(Figure 5.1D), comparable to a previous observation.!®® Addition of the peptide/rutin mixtures
tended to increase (p > 0.05) the average particle diameter at the initial timepoint (Figure 5.1D),
suggesting the formation of larger IAPP-peptide, IAPP-rutin, and IAPP-peptide-rutin complexes.
Significant reductions in the average particle diameters were observed after 48 h for the
peptide/rutin mixtures, with TNGQ/rutin mixturesshowing the highest decrease to 988.5 = 189.2
nm, lower than the value previously observed for TNGQ or rutin alone.’>!¢ This translates to an
86.2% decrease in particle diameter for the TNGQ/rutin mixture. Similarly, the MANT/rutin
mixture significantly decreased the average particle diameter to 1317.2 + 777.3 nm after 48 h
(Figure 5.1D). On the other hand, the average particle diameter of the YMSV/rutin mixture did
not change after 48 h (Figure 5.1D), suggesting that the YMSV/rutin mixture inhibited IAPP
fibrillation via stabilization of the initial or intermediate fibrillar species. A high polydispersity
index (> 0.7) of IAPP in the absence and presence of peptide-rutin combinations at 48 h is
consistent with fibril formation and the presence of fibrillar intermediates of various sizes in the
samples (Figure 5.1E). Furthermore, the shift from 295 nm to 531 nm and increase in peak
intensity observed for IAPP after 48 h are characteristic of fibrillation (Figure 5.1F). Interestingly,
a similar peak of larger size (615-825 nm) appeared at 0 h for all peptide/rutin mixtures, but it
disappeared after 48 h with the formation of a new peak at 255 nm and 295 nm for YMSV and
TNGQ, respectively. These peaks were also observed at the initial timepoint for IAPP control
(Figure 5.1F). This suggests the reformation of early fibrillar intermediates, possibly by
disaggregation of pre-formed fibrils, likely facilitated by rutin in the peptide/rutin mixtures. This
indicates the retention of some previously reported anti-fibrillation and disaggregation activity of
rutin within the peptide/rutin mixtures.”> A larger shift in IAPP particle size distribution is observed
for MANT/rutin mixture after 48 h, with an intense peak at 106 nm, which is smaller than the peak
at 0 h (Figure 5.1F) suggesting that the strong anti-fibrillation may be due to disaggregative effects

of the mixture.
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Figure 5.1. (A) Preparation (1), detection (2), and quantification (3) of IAPP fibrillation using ThT
fluorescent probe. (B) ThT fluorescence intensity and (C) percent inhibition of IAPP fibrillation
in the absence and presence of single inhibitors (rutin, YMSV, MANT, and TNGQ) and inhibitor
combinations (YMSV+rutin, MANT+rutin, and TNGQ+rutin). (D) Average particle diameter, (E)
polydispersity index, and (F) size distribution of IAPP species upon the addition of peptide-rutin
combinations (0 h) and after incubation (48 h). Bars with different letters indicate significantly

different mean values (p < 0.05). R = rutin.

The effect of TNGQ/rutin mixtures on IAPP fibrillar morphology was assessed via TEM.
As expected, dense fibrillar networks were observed in the control after 48 h, confirming IAPP
fibrillation (Figure 5.2A). TNGQ and rutin independently inhibited IAPP fibrillation, resulting in
the formation of truncated fibrils with TNGQ and the absence of fibrillar species with rutin (Figure
5.2B-C). Evidence of disaggregation of IAPP fibrils in the presence of TNGQ was also observed,
indicated by the presence of amorphous species surrounding fibrillar IAPP (Figure 5.2C). TNGQ
was previously reported to disaggregate preformed IAPP fibrils, likely due to TNGQ-IAPP
monomer binding and shifting of the thermodynamic process of fibrillation towards the formation
of monomeric and intermediate species.'®®. Similarly, the formation of amorphous aggregates in
the presence of rutin was previously reported in IAPP and B-amyloid, resulting from strong anti-
fibrillation activity.”>® In combination, complete inhibition of IAPP fibrillation is apparent with
the lack of visible fibrillar species (Figure 5.2D). The proposed fibrillation patterns in the presence
of the single and dual inhibitor systems follow the concept suggested by Ilm Chandel et al. that
either a direct or indirect mechanism of fibrillar disaggregation occurs with the consecutive
addition of inhibitors, where binding of inhibitors may occur (1) simultaneously, resulting in the
direct formation of completely inhibited aggregates, or (2) consecutively, where the first inhibitor
binding forms partially inhibited aggregates and the second inhibitor binding results in

disaggregation into completely inhibited aggregates.'”
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Figure 5.2. TEM images of (A) IAPP, (B) IAPP+TNGQ, (C) IAPP+rutin, and (D)
IAPP+TNGQ-+rutin after 48 h incubation. Scale bars represent 0.5 pum.

5.3.2. Effect of peptide/rutin interactions on IAPP fibrillation-induced cell death

To understand how the observed changes in the anti-fibrillation activity of peptide/rutin
mixture affect IAPP fibrillation-induced cytotoxicity, pancreatic B-cell viability was assessed. As
expected, IAPP fibrillation significantly reduced the cell viability of rat insulinoma (RIN-m) cells,
with 5 uM TAPP decreasing viability to 2.6 + 1.7%, demonstrating the extensive deleterious effects
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of fibrillation-induced toxicity (Figure 5.3). Similar cytotoxic effects were observed with 25.6 uM
hIAPP where treatment of RIN-m cells reduced B-cell viability by 80%.2° Rutin significantly
diminished the IAPP fibrillation-induced cytotoxicity by restoring cell viability to 55.2 + 18.5%,
thus showing the strongest cytoprotective effect of all samples (Figure 5.3). Rutin is a strong anti-
fibrillation compound with equally potent cytoprotective effects against several amyloidogenic
peptides, such as f-amyloid, where fibrillation inhibition resulted in ~20% increase in viability of
SH-SYS5Y cells at 100 nM rutin.”® A significant increase in cell viability to 27.4 + 4.5% and 46.0
+ 9.2% was also observed with YMSV-rutin and MANT-rutin combinations, respectively (Figure
5.3), compared to YMSV and MANT alone (5.0 = 2.6% and 19.2 = 15.7%, respectively). Despite
the increased cell viability relative to the control and peptide-only conditions, the implication of
peptide/rutin mixtures indicate non-additive effects as the cytoprotective activities of the
combinations were lower than the sum of the effects of individual compounds. This indicates a
loss of bioactivity upon combining each peptide with rutin. Conversely, while the TNGQ/rutin
mixtures significantly increased cell viability to 37.0 + 6.0%, relative to the control, there was a

decrease in cytoprotective activity relative to TNGQ alone (47.5 + 3.8%)).
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Figure 5.3. Cell viability of rat insulinoma (RIN-m) cells in the presence of 5 uM IAPP control
and IAPP with rutin or peptide/rutin mixtures (YMSV+rutin, MANT+rutin, and TNGQ+rutin)
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after 24 h. Bars with different letters indicate significantly different mean values (p < 0.05). R =

rutin.

Given the non-additive effect of the peptide/rutin mixtures against IAPP fibrillation-
induced cell death, the strongest individual inhibitors (TNGQ and rutin) were selected for further
studies. This combination was used as a model to further understand how the resulting
peptide/polyphenol mixture, and its effect on I[APP fibrillation, translate to the cellular

functionality of pancreatic B-cells.

To understand how TNGQ/rutin mixtures affects hIAPP oligomer formation and cellular
toxicity, immunofluorescence microscopy was used to localize the IAPP oligomers. Numerous
hIAPP oligomeric deposits were observed surrounding the B-cells, with some appearing to be
membrane-bound while others are located within the cells and around the nuclei (Figure 5.4).
Similar intracellular oligomeric IAPP was previously reported with hIAPP-INS-1 cells and in the
islets of 10-week-old hIAPP transgenic mice.”""!%° Oligomeric IAPP has long been identified as
the main source of cytotoxicity, wherein the soluble fibrillar intermediates are embedded into the
cell membranes, forming pores that disrupt membrane integrity and cause ionic imbalances, loss
of signal transduction, and membrane rupture.*®8 Furthermore, hIAPP concentrations ranging
from 1-10 uM have markedly increased ability to reconstruct planar phospholipid bilayers into
voltage-dependent channels with reduced selectivity, resulting in the formation of hIAPP pores
that are permeable to Na*, K*, Ca?*, and CI  ions.'® The high prevalence of oligomeric IAPP
species within this concentration range correlates with the intense decrease in cell viability (Figure
5.3). This confirms the deleterious role of the oligomeric intermediates in cellular functionality,
likely driven by non-selective ion permeable pores. Similar localization of hIAPP in RIN-m cells
was previously reported, with a strong prevalence of membrane-bound peptides and weaker
distribution of intracellular IAPP, suggesting the early steps of internalization into the cells.!”®
Internalization of IAPP is another mechanism of cytotoxicity. IAPP uptake occurs either directly
via membrane-induced endocytosis or indirectly by interacting with the membrane-bound AMY
receptor complexes, leading to non-endocytotic internalization. This can induce the formation of
intracellular fibrils, which can interact with various organelles and cause cellular dysfunction.
Alternatively, internalized IAPP can interact with the mitochondria, triggering ROS production

and leading to cytotoxicity.'®* Individually, TNGQ and rutin significantly decreased the prevalence
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of membrane-bound oligomeric IAPP, explaining their effects in restoring cell viability (Figure
5.3 and 5.4). In combination, extracellular oligomeric IAPP is minimal, confirming the strong anti-
fibrillation activity (Figure 5.1B). However, it is worth noting the increased presence of
intracellular oligomeric IAPP, which was minimal with single inhibitors (Figure 5.4). This could
explain the reduced cytoprotective effect of TNGQ/rutin mixtures relative to rutin alone (Figure
5.3), highlighting the key role of intracellular IAPP oligomers on cell viability. Intracellularly,
IAPP oligomerization has deleterious effects on mitochondrial function, resulting in increased
ROS production, thus triggering apoptosis.®”*83It is possible that direct peptide-polyphenol
interactions reduced the accessibility and IAPP binding of the individual inhibitors, or resulted in

complexes with reduced cellular uptake, thus hindering intracellular anti-fibrillation activity.'*!
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Figure 5.4. Fluorescence microscopy images of rat insulinoma (RIN-m) cells post-treatment with
5 uM IAPP in the absence or presence of 5 uM TNGQ, rutin, or a mixture of TNGQ/rutin for 24
h. Green, oligomeric and fibrillar IAPP; red, RIN-m cellular membrane; and blue, RIN-m nuclei.

Scale bars represent 50 pm. White squares indicate the region expanded for inset.
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5.3.3. TNGQ/rutin mixtures provide increased cellular functionality in the presence of

IAPP fibrillation

MTT reduction assay is commonly used to evaluate cytotoxicity via mitochondrial
function, but it reflects both reversible and irreversible cellular dysfunction that do not always
result in cell death.'”® IAPP fibrillation induces a range of deleterious effects that may not be
reflected in cell viability assays. Hence, ROS production and glucose-stimulated insulin secretion
were also evaluated to assess the implications of anti-fibrillation activity of the compounds on

cellular functionality.

IAPP fibrillation-induced B-cell toxicity occurs by multiple pathways, one of which is
strongly associated with the overproduction of ROS in the mitochondria.'®*!*® Thus, oxidative
stress in [APP-treated RIN-m cells was monitored using the ROS probe, DCFH-DA, to investigate
whether the anti-fibrillation and cytoprotective activities of TNGQ, rutin, and TNGQ/rutin
mixtures are related to a reduction in ROS levels. DCFH-DA is a nonfluorescent dye that readily
diffuses through the cell membrane where it is hydrolyzed by esterases to form 2',7'-
dichlorofluorescin (DCFH) intracellularly. DCFH reacts with intracellular free radicals, including
H202, 02*, and *OH, to form the green, fluorescent derivative, DCF, which is quantifiable as the
amount of intracellular ROS."? Following exposure to IAPP in the absence or presence of the
inhibitor samples for 6 h, to allow for the formation of oligomeric species, ROS levels in RIN-m
cells were monitored over 3 h post-treatment. As shown in Figure 5.5A, oxidative stress was
apparent in IAPP-treated cells, given the rapid increase in ROS production over 3 h. This indicates
an impaired activation of intracellular antioxidant systems due to IAPP fibrillation. This result is
crucial as IAPP fibrillation exerts pro-apoptotic effects through ROS production and mitochondrial
dysfunction in T2D development.'8319%19 Interactions between internalized IAPP and the
mitochondrial membrane induces membrane depolarization, thus enhancing ROS production and
mTOR-activated mitophagy, while also enhancing fibrillation of membrane-bound IAPP.!®
Continual fibrillation of internalized IAPP further induces oxidative stress and mitochondrial
toxicity, explaining the increased ROS production (Figure 5.5A-B) and concomitant decrease in
cell viability (Figure 5.3). The addition of the inhibitor combination reduced the rate of ROS
production relative to IAPP control (Figure 5.5A). TNGQ tended to perform slightly better than

rutin (p > 0.05), despite rutin being a stronger anti-fibrillation and antioxidant compound. Notably,
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a significant decrease (p < 0.05) in ROS production relative to IAPP control was achieved only
with the TNGQ/rutin mixture, which reduced oxidative stress by 30.5% (Figure 5.5B). The
decrease in IAPP fibrillation-induced oxidative stress can be due to two mechanisms: (1) indirect
effect via the anti-fibrillation mechanism whereby inhibition of IAPP fibrillation prevents
fibrillation-induced oxidative stress, or (2) direct effect via radical scavenging mechanism
whereby unbound rutin or TNGQ/rutin mixtures scavenge ROS produced as a result of IAPP-
mitochondrial membrane interactions. Molecular docking with TNGQ and rutin separately showed
their affinity for interaction with the membrane-binding and C-terminal domain of monomeric
IAPP.°>!%¢ Both inhibitors share interactions with Asn3, Argll, and Phel5 of the membrane-
binding domain, suggesting that steric clashes are expected to impede their simultaneous
interaction with IAPP. This could explain the non-additive effects of the peptide-polyphenol
combination on anti-fibrillation and cytoprotective activities. This proposed mechanism means
that the unbound rutin would act as a free radical scavenger, thus reducing oxidative stress in RIN-
m cells. This provides a unique perspective to dual inhibition systems where both inhibitors may
not necessarily need to directly bind to prevent deleterious effects. Rather, the unbound inhibitors
many also maintain other bioactivity relevant to the disease being treated (i.e., an anti-fibrillation

or disaggregative compound that is also antioxidative).

The implication of the anti-fibrillation activity of the compounds on B-cell sensitivity of
glucose stimulation was also evaluated. hIAPP inhibits glucose-stimulated insulin secretion but its
mechanism is not clearly understood.!®* In a non-disease state, increase in glucose concentration
stimulates insulin release via increases in high voltage-gated calcium channel currents and elevated
intracellular calcium concentrations (Figure 5.5C). However, the presence of extracellular [APP
fibrillation impedes glucose sensitivity through the desensitization of high voltage-gated calcium
channels as a result of imbalances in intracellular calcium concentrations.'8* This is likely due to
the formation of ion permeable membrane-bound oligomeric IAPP pores that allow for the
uncontrolled flow of ions, thus diminishing the ability to accumulate intracellular calcium and
desensitizing high-voltage-activated calcium channels (Figure 5.5C). Consequently, glucose
sensitivity decreases in B-cells, thus reducing insulin exocytosis and blood glucose regulation.'8*
To accurately mimic postprandial (hyperglycemic) conditions, in which IAPP would be most
active, basal and high concentrations of glucose (1.1 and 20 mM, respectively) were used. IAPP is

most actively produced and secreted under hyperglycemic conditions, where an increased demand
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for insulin, to counteract high blood glucose levels, also results in elevated IAPP production,
secretion, and function.*”*’ Thus, under basal conditions, insulin secretion is minimized, which is
likened to the fasting state. A subsequent change to 20 mM glucose, mimicking postprandial
hyperglycemia, was used to stimulate insulin secretion through the glucose-stimulated pathway,
which is relevant for the pathological effects of hyperglycemia as seen in T2D. This depicts the
acute response of B-cells to high glucose levels and enables the assessment of the effects of glucose
levels on pancreatic PB-cell function in the presence of IAPP fibrillation and associated
complications. A glucose-dependent increase in insulin secretion was observed in treated RIN-m
cells, although not significantly different (p > 0.05) under our experimental conditions (Figure
5.5D). Various pathways are involved in maintaining glucose homeostasis, including the release
of hormone potentiators such as incretins which bind B-cell receptors to augment insulin secretion
via peripheral mechanisms.!* As such, various compensatory mechanisms can be activated in the
event of IAPP fibrillation-induced complications in glucose sensing, explaining the observed lack

of apparent impairments in glucose-stimulated insulin secretion.
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Figure 5.5. (A) Time-dependent oxidative response and (B) rate of ROS production in RIN-m
cells following 6 h treatments with 5 uM IAPP in the absence and presence of TNGQ, rutin, and
TNGQ/rutin mixtures. (C) Mechanism of glucose-stimulated insulin secretion in B-cells, and the
effect of IAPP oligomerization on insulin secretion. (D) Glucose-stimulated insulin secretion in

RIN-m cells in the presence of basal and high glucose concentrations, following 24 h treatments
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with IAPP and the inhibitors. Bars with different letters indicate significantly different mean values

(» <0.05). R = rutin.
5.4. Conclusions

In this study, the effect of peptide/polyphenol mixtures, using anti-fibrillation peptides
MANT, YMSYV, and TNGQ and polyphenol, rutin, on IAPP fibrillation-induced B-cell dysfunction
was studied. In summary, the anti-fibrillation activity was non-additive in all peptide/rutin
mixtures, but the average particle size of IAPP decreased considerably compared to when single
inhibitors were used. This indicates an apparent effect by the peptide/rutin mixtures on the
development and distribution of mature IAPP fibrillar species. The peptide/rutin mixtures also
reduced the TAPP fibrillation-induced B-cell death, but these effects were equally non-additive and
tended to be lower than the cytoprotective effect of rutin alone, especially for the rutin/'YMSV
mixture. We propose that possible complexation between the aromatic residue of YMSV and the
conjugated flavonol structure of rutin could facilitate n-n stacking, thus preventing IAPP binding
and diminishing protective effects against IAPP fibrillation-induced cytotoxicity, and hence, were
selected for studying their effectiveness on increasing f-cell functionality. The TNGQ/rutin
mixtures inhibited completely the formation of IAPP fibrils and prevented the formation of
membrane-bound oligomeric species in B-cells. This effect translated to significant reductions in
[APP fibrillation-induced cellular oxidative stress, an effect not observed in the presence of TNGQ
or rutin alone. This study revealed important insights into the mechanisms of the dual inhibitor
system. A large emphasis is placed on synergistic effects when considering classic dual inhibitor
models, which would involve binding separate IAPP regions or the formation of new inhibitor
complexes with superior activity than their individual counterparts. Alternatively, the dual
inhibitor system at play in this study led to non-additive effects, which we propose to be the result
of peptide/polyphenol mixtures that diminishing the anti-fibrillation activity of the single
inhibitors or causing steric effects thus impeding cellular uptake and intracellular activity.
Furthermore, binding of one inhibitor could prevent binding of the second inhibitor if they compete
for shared interaction sites, which applies to rutin and TNGQ binding to IAPP. However, given the
nature of IAPP fibrillation and presence of diverse fibrillar species at any given time, dual binding
may not be necessary for maximal effect. This was supported by TEM and particle size results

which showed that, despite the non-additive anti-fibrillation effects, the TNGQ/rutin mixtures
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resulted in pronounced absence of IAPP fibrils beyond that of the individual inhibitors. Similarly,
only the TNGQ/rutin mixtures significantly reduced IAPP fibrillation-induced oxidative stress in
B-cells, likely because of direct inhibition of IAPP fibrillation or the radical scavenging antioxidant
effect of the polyphenol. In conclusion, this study has revealed the prospects of dual inhibitor
systems and provided perspectives on the inhibition mechanisms for anti-fibrillation activity.
Considering the process of IAPP fibrillation significantly influences several downstream
pathological pathways in T2D, considerations should be given to inhibitors or a combination of
inhibitors that are multifunctional and provide additional bioactivities beyond anti-fibrillation.
Given the fibrillar disaggregative potentials of some peptides and polyphenols, future studies are
needed to elucidate these effects towards mitigating preformed IAPP fibril-induced cytotoxicity

and their physiological implications on pancreatic -cells and T2D in vivo.
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The main objective of this thesis was to investigate the role of food-derived compound
structure on anti-fibrillation activity and effect on B-cell functionality and IAPP fibrillation-
induced cytotoxicity. This research provides valuable insight into some peptide and polyphenol
structural features that can enhance bioactivity, thus enabling rational design and systematic
identification of strong anti-fibrillation compounds. The four research objectives that motivated

this research are based on the eight key research questions listed in chapter one.

The first and second research questions, representing the first objective of this thesis, were
addressed in chapter two. This chapter explored the structure and molar ratio of 12 phenolic
compounds and four polyphenols, gallic acid, caffeic acid, rutin, and quercetin, were selected for
biomolecular analysis to provide further mechanistic insights into structure-dependent anti-
fibrillation activity. Rutin and quercetin exerted inhibitory effects likely by stabilizing monomeric
IAPP and inhibiting the lag phase of fibrillation. Both compounds also exhibited disaggregatory
effects on preformed IAPP fibrils. Structural analysis points to the importance of bulkiness and
catechol moieties towards enhancing IAPP binding and subsequent anti-fibrillation activity. The
presence of both structural features in rutin suggests why this flavonol glycoside was the most
potent inhibitor of all the compounds tested. Despite this, quercetin, a major metabolite of rutin,
maintained a comparable anti-fibrillation and fibrillar disaggregation activity, providing important
insights on the role of biostability and metabolism. Molecular docking also highlighted the
importance of hydrogen bonding and electrostatic interactions, in addition to m-m interactions,
between IAPP and the compounds in anti-fibrillation activity. In summary, these findings
demonstrate important structural features of phenolic compounds for inhibiting IAPP fibrillation

or disaggregating existing fibrils.

The third research question was addressed in chapter three, along with research question
four. This chapter aimed at elucidating the structural requirements of peptides for strong anti-
fibrillation activity and understanding how IAPP-binding influenced fibrillation. From this study,
three peptides, MANT, YMSV, and TNGQ were identified for their anti-fibrillation activity.
Through biomolecular analysis, potential mechanisms of inhibition and the effect of structure and
physicochemical properties of the peptides on activity were proposed. Despite the strong binding
of MANT and YMSV to the amyloidogenic region of IAPP via hydrophobic and aromatic

interactions, the weaker anti-fibrillation activity of both peptides demonstrated that strong inhibitor
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binding to the amyloidogenic region is not imperative to inhibitor activity. On the other hand,
TNGQ, the most active peptide inhibitor, preferentially bound the membrane-binding N-terminal
and self-association C-terminal domains via hydrogen bonding and electrostatic interactions.
Furthermore, TNGQ also demonstrated fibrillar disaggregation activities, a result of monomeric
IAPP-TNGQ complexation shifting the monomer-fibril equilibrium towards the liberation of IAPP
monomers from the growing end of formed fibrils. This provided new perspectives on the
important physiochemical properties necessary for the increased anti-fibrillation mechanism and

potency.

The fifth research question was addressed in chapter four and assessed the contribution of
IAPP-binding patterns of the peptide inhibitors MANT, YMSV, and TNGQ to cytoprotective
effects against IAPP fibrillation-induced membrane damage and cytotoxicity. Membrane damage
was monitored using calcein encapsulated giant unilamellar vesicles (GUVs) as a model for B-cell
membranes. Both YMSV and TNGQ significantly inhibited IAPP fibrillation-induced GUV
leakage while MANT demonstrated moderative effects in the initial phases of fibrillation, but this
activity diminished in the later phases of fibrillation. Of the three peptides, TNGQ was the only
peptide that mitigated IAPP fibrillation-induced B-cell toxicity. On the other hand, YMSV and
MANT did not increase B-cell viability in the presence of IAPP, further demonstrating that superior
IAPP-binding does not always translate to an increased cytoprotective effects against IAPP
fibrillation. TNGQ was the only peptide that interacted with the membrane-binding and self-
association domains, thus highlighting the importance of these regions in fibrillation-induced (-

cell damage.

The fifth, and final research chapter addressed the sixth, seventh, and eighth research
questions, which focused on the study of dual inhibitor systems against IAPP fibrillation. Hence,
the effects of peptide-polyphenol interactions were studied using the strongest anti-fibrillation
polyphenol, rutin, and the three peptides, YMSV, MANT, and TNGQ. Anti-fibrillation activity was
retained in the peptide-polyphenol combinations; however, the activity was non-additive. This
translated to an increased B-cell viability in the presence of IAPP fibrillation. As the effect of
peptide-polyphenol combinations were not as pronounced with YMSV and MANT, only TNGQ
was selected to understand the effect of peptide-polyphenol interactions on anti-fibrillation

activity. Transmission electron microscopy (TEM) revealed an increased inhibition of IAPP fibrils
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by the combination, relative to TNGQ or rutin alone. The TNGQ/rutin mixtures also decreased the
presence of membrane-bound oligomeric IAPP compared to the uninhibited or singly inhibited
samples. This translated to a significant decrease in cellular oxidative stress only in the presence
of the TNGQ/rutin mixtures, but not with TNGQ or rutin alone. Findings from this study provided
novel perspectives about mechanisms of the dual inhibitor systems, and the role of
peptide/polyphenol mixtures on anti-fibrillation activity. Specifically, new insights on the benefits
of non-additive inhibitor systems, particularly for IAPP fibrillation inhibition, suggests that
simultaneous binding may not be required for potent activity, especially considering that the nature
of IAPP fibrillation encourages the existence of diverse fibrillar species at any given time. Like
the manifestation of T2D disease itself, IAPP fibrillation triggers a multitude of deleterious effects;
thus, multifunctional compounds that also target downstream effects should be considered for dual

inhibition systems.

Taken together, all four thesis objectives, derived from the research questions in chapter
one, were accomplished. The findings resulted in structure-function relationships for both
polyphenols and peptide inhibitors. As a result, it was identified that n-m interactions were not the
only driving forces behind fibrillation inhibition. Furthermore, novel insights on IAPP targeting
sites were identified for enhanced anti-fibrillation activity, increased membrane protective effects,
and reduced IAPP fibrillation-induced B-cell toxicity. Investigations on the role of potential
peptide-polyphenol interactions on dual inhibition systems, for the first time, highlighted the
importance of multifunctional compounds for future considerations. In conclusion, the four
objectives accomplished the overall aim of this thesis to understand the role of food-derived
compounds on anti-fibrillation activity and effect on B-cell functionality and IAPP fibrillation-

induced toxicity.
Future directions

Findings and the insights gained from this thesis have expanded this research area to

involve more considerations for future research.

Further research should include elucidation of the mechanism of the cytoprotective effects
of TNGQ, rutin, and TNGQ/rutin mixtures and effects in managing IAPP fibrillation-induced

apoptosis and recovering autophagy response, and B-cell functionality.
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Considering the nature of T2D disease and the high prevalence of IAPP fibrils in most
patients with T2D, in addition to anti-fibrillation activity, potential inhibitors should also
disaggregate pre-existing fibrils. Given the fibrillar disaggregative potentials of the peptide,
TNGQ, and polyphenols, rutin and quercetin, future studies are needed to elucidate these effects
towards mitigating preformed IAPP fibril-induced cytotoxicity and their physiological
implications on pancreatic B-cells and T2D in vivo. Future studies in understanding how

disaggregation facilitates B-cell cytotoxicity and restores p-cell functionality should be considered.

Finaly, given the nature of the compounds studied in this thesis, biostability and
bioavailability issues always present as a limitation for translational research. While it was
determined that quercetin, the metabolite for the potent anti-fibrillation compound rutin,
maintained comparable activity, more considerations towards delivery methods, and
gastrointestinal biostability and bioactivity should be evaluated in vivo. Additionally, the peptides
reported in this thesis were predicted to have low oral bioavailability. This factor should be
evaluated further and addressed prior to in vivo studies to achieve significant IAPP fibrillation
inhibitory effects in the pancreas. TNGQ is food-derived; thus, future research should include the
development of sustainable processing methods, e.g., enzymatic hydrolysis or fermentation, to
release the bioactive peptide from its parent proteins. Alternatively, delivery systems involving
encapsulation and targeted release can be explored in vivo. This will help ensure that the anti-
fibrillating compounds are accurately delivered to pancreatic B-cells, where they can exact their

intended functions.
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All articles published by MOPI are made immediately available worldwide under an open sccess license. This means:
« everyong has free and unlimited sccess to the full-test of s articles published in MDPI joumals;
= eweryone is free to re-use the published material if proper accreditstion/citation of the original publication is given;

= ppen access publication is supported by the authors' institutes or research funding agencies by payment of 3 comparatively low
Article Processing Charge (APC) for accepted artickes.

Permissions

Mo special permission is required te reuse all or part of article published by MOF, including figures and tables. For articles
published under an open access Creative Common CC BY license, any part of the article may be reused without permission
provided that the ariginal article is clearly cited. Reuse of an article doss net imply endersement by the authors or MOPI.

External Open Access Resources

Thase who are new to the cencept of open access might find the following websites or the Open Access Explained! video
informative:

= Wikipedia article on Open Access @

= Open Access Network @

Meaning of Open Access

Open Access Explained!

In accordance with major definitiens of open access in scientific
literature (namely the Budapest, Berlin, and Bsthesda
decdarations). MOPI defines open access by the following
conditions:

= peer-reviewed literature is freely avsilsble without subseription
or price bamers,
» litzrature is immedistely released in open sccess format (no

embarga period), and

= published material can be re-used without obtsining permission
as long as a comect citstion to the original publication is given.

Until 2008, most articles published by MDP contained the note: "8

yesr by MOPI (hitp:wwaw.mdpiorg). Reproduction is permitted for

noncammercial punposes”. During 2008, MOP joumals started to publish articles under the Creative Commons Attribution
License iz and are now using the latest version of the CC BY license, which grants authors the most extensive rights. All articles
published by MOF| before and during 2008 should now be considered as having been relea=ed under the post-2008 Crestive
Commans Attribution License.

This means that all articles published in MOP joumals, including data, graphics, and supplements, can be linked from external
sources, scanned by search engines, re-used by text mining applicstions or websies, blogs, efc fres of chargs under the sole
condition of proper accreditation of the source and original publisher. MDPI believes that open access publishing fosters the
exchange of research results amengst scientists from different disziplines, thus facilitating imterdisciplinary research. Open sccess
publishing alsc provides access to research results to researchers worldwide, including thoss from developing countries, and to
=n interested general public. Athough MOPI publishes all of its journals under the open access model, we belisve that open
BCcess is an enriching part of the scholarly communication process that can and should co-sxist with other forms of
communication and publication, such as society-based publishing and conferencing activities.

Important Note: some articles (ezpecizlly Rewews) may contain figures, tables or text taken from other publications, for which
MDPI does not hold the copyright or the right to re-license the published maternial. Please note that you should inguire with the
original copyright holder (usually the erginal publisher or authors), whether or not this material can be re-used.
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Every conceivable effort has been made to provide credit to the rightful proprietors of any copied
materials. Any copyright holder who has been excluded or erroneously acknowledged should

please contact me.

Thank you.
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