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Polyphenolic compounds are thought to show considerable promise for the treatment of
various metabolic disorders, including type 2 diabetes mellitus (T2DM). This review
addresses evidence from in vitro, in vivo, and clinical studies for the antidiabetic effects of
certain polyphenolic compounds. We focus on the role of cytotoxic human amylin (hA)
aggregates in the pathogenesis of T2DM, and how polyphenols can ameliorate this
process by suppressing or modifying their formation. Small, soluble amylin oligomers
elicit cytotoxicity in pancreatic islet B-cells and may thus cause B-cell disruption in T2DM.
Amylin oligomers may also contribute to oxidative stress and inflammation that lead to
the triggering of B-cell apoptosis. Polyphenols may exert antidiabetic effects via their
ability to inhibit hA aggregation, and to modulate oxidative stress, inflammation, and
other pathways that are B-cell-protective or insulin-sensitizing. There is evidence that
their ability to inhibit and destabilize self-assembly by hA requires aromatic molecular
structures that bind to misfolding monomers or oligomers, coupled with adjacent
hydroxyl groups present on single phenyl rings. Thus, these multifunctional
compounds have the potential to be effective against the pleiotropic mechanisms of
T2DM. However, substantial further research will be required before it can be determined
whether a polyphenol-based molecular entity can be used as a therapeutic for type 2
diabetes.

Keywords: amylin, IAPP, insulin, islet p-cells, flavonoids, polyphenol, natural products, type 2 diabetes

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a disorder of blood glucose regulation, characterized by
hyperglycemia, insulin resistance, pancreatic amyloid deposition, and p-cell dysfunction
(Ashcroft and Rorsman, 2012). T2DM has a significant impact on quality of life and is among
the leading causes of mortality for adults worldwide (Saeedi et al., 2020). The impact of T2DM is
amplified by the lack of currently available disease-modifying therapies for treatment of T2DM.
Although important advances have been made in T2DM therapy, currently available drugs are only
able to treat the symptoms of the disease and not the underlying etiopathogenic mechanisms (Padhi
et al., 2020).

Under normal circumstances, the pancreas compensates for decreased insulin sensitivity by
increasing B-cell mass and insulin secretion. However, in T2DM insulin secretion eventually fails to
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meet metabolic requirements. The underlying cause for this
process is unknown, but has been postulated to relate to
amyloid deposition, oxidative stress, or exposure to elevated
free fatty acids (FFA), glucose or proinflammatory cytokines.

The hormone amylin (human amylin or hA; also known as
islet amyloid polypeptide or IAPP) is said to be implicated in the
pathogenesis of T2DM. Supporting evidence includes the
presence of amyloid deposits composed primarily of hA being
found in the pancreatic islets of most patients (>90%) with T2DM
(Clark et al., 1987; Cooper et al., 1987). Oligomers of human
amylin have been shown to elicit cytotoxicity and may contribute
to the B-cell dysfunction seen in T2DM (Zhang et al., 2003).

Several inhibitors of in vitro amylin aggregation have been
identified. These can be categorized into four major classes:
naturally occurring small polyphenolic compounds, peptides,
antibodies, and nanomaterials (Ladiwala et al., 2012; Tang
et al., 2020). However, the exact mechanism of action of many
inhibitors remains unclear, partly due to the difficulty of
observing the early, small oligomer stage of the amylin
aggregation process (Abedini et al., 2016; Samdin et al., 2021).

Polyphenolic compounds have received considerable attention
for their potential to modulate numerous diseases, for example
T2DM. A wide variety of polyphenols are abundant in various
plant-based food sources and include flavonoids (which are
further divided into several sub-classes), phenolic acids, and
non-flavonoids (Sequeira & Poppitt, 2017). Accumulating
evidence suggests that the molecular scaffold of polyphenols
implicated in the suppression of cytotoxicity (including
multiple phenol rings and hydroxyl functional groups) enables
their wide range of activities. These include their ability to inhibit
the aggregation of amyloidogenic peptides, oxidative stress,
inflammation, and modulate various signaling pathways. This
review will focus on the antidiabetic effects of natural
polyphenolic compounds, their proposed mechanisms of
actions and make suggestions for further research.

THE ROLE OF AMYLIN IN THE
PATHOGENESIS OF 3-CELL
DYSFUNCTION AND T2DM

Many factors, including elevated lipid levels, oxidative stress, and
adipose-derived cytokines, are linked to insulin resistance (Wellen
and Hotamisligil, 2005). However, B-cells can initially compensate for
this by increasing insulin release, and it is a subsequent decline in
B-cell function that leads to hyperglycemia and overt T2DM. The
cause of B-cell dysfunction in T2DM remains uncertain; one key
postulated mechanism is that it is due to aggregation of hA, making it
an attractive potential therapeutic target.

Amylin is a B-cell hormone involved in the slowing of gastric
emptying (Young, 2005), inhibition of insulin secretion (Silvestre
et al, 1990), antagonizing insulin action in skeletal muscle
(Leighton and Cooper, 1988), and suppression of appetite via
modulation of neuropeptide signaling (Nie et al., 2019).

The hA molecule is a 37 amino acid peptide containing a
disulfide bridge between Cys2 and Cys7 and an amidated
C-terminal (Cooper et al, 1989). In its native physiological
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state, hA adopts a random coil conformation; however, in
certain conditions hA can misfold and form oligomers that
elongate and in turn form fibrils (Westermark et al., 1990). Due
to small changes in the amino acid sequence between residues 20
and 29 (termed the amyloidogenic region), hA has this self-
assembling property, whereas rat amylin does not (Cooper
et al, 1989). Pancreatic amyloid has structural similarities to
other amyloids including those formed by amyloid P in
Alzheimer’s disease and a-synuclein in Parkinson’s disease,
which are rich in B-sheets (Porat et al., 2006). Notwithstanding
small changes, the peptides involved do not share substantive
sequence identity, but contain aromatic residues that play roles
in stabilizing these P-sheet structures (Gazit, 2002), possibly
through m-1t stacking of aromatic side chains between peptides
in the C-terminal region (Wei et al., 2011).

It is now widely accepted that small, soluble hA oligomers elicit
cytotoxicity in p-cells, whereas mature fibrils do not (Kayed et al,
2003; Zhang et al., 2008). Oligomers are said to form both inside and
outside cells, but the exact cellular localization of the oligomerization
processes are uncertain. Moreover, the precise molecular structure of
these cytotoxic oligomers is also unknown. hA oligomers are
proposed to directly cause [-cell damage through several
mechanisms, which can be divided into two broad categories:
membrane disruption and alteration of cellular pathways that
lead to or cause apoptosis (see Figure 1 for a summary).

Mechanisms that may explain how hA oligomers can cause
cellular and/or intracellular membrane disruption include
channel formation, detergent-like disruption, and membrane
remodeling (Rawat et al., 2018). hA also elicits activation of
the c-Jun N-terminal kinase (JNK) pathway, the central mediator
of apoptosis in p-cells (Subramanian et al., 2012), which could be
through direct interaction with the Fas-associated death receptor
on the cell surface (Zhang et al., 2008), or through indirect
mechanisms such as generation of oxidative stress and
inflammation (Subramanian et al., 2012).

Other pathways/processes that have been implicated in B-cell
dysfunction include inflammation, oxidative stress, mitochondrial
dysfunction, and endoplasmic reticulum (ER) stress (Baker et al.,
2011; Volpe et al, 2018). These mechanisms are not mutually
exclusive. It is possible that T2DM may not arise from a single
pathogenic pathway but from a collection of perturbations to
normal cellular processes. In fact, evidence suggests that hA
oligomers may also play a role in these processes.

The process of amyloid formation induces reactive oxygen
species (ROS) that may contribute to B-cell apoptosis over time
(Zraika et al., 2009). Under low (nanomolar) hA concentrations
for even short periods, hA aggregates increased NADPH oxidase
(NOX)-1 expression via binding to the receptor for advanced
glycation end-products (RAGE) (Borchi et al, 2013).
Mitochondrial disruption is a major source of ROS and is also
induced by hA, leading to caspase activation, release of
cytochrome-c and apoptosis-inducing factor (AIF) into the
cytosol, and eventually apoptosis (Li et al., 2011).

Extracellular application of hA to p-cells increases expression
of heat shock proteins and signs of ER stress (Casas et al., 2007).
Increased intracellular Ca®" has also been reported, which may
lead to ER stress and apoptosis via the caspase cascade (Casas
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FIGURE 1 | Mechanisms of human amylin (hA)-evoked B-cell death. Abbreviations: AlF, apoptosis-inducing factor; ER, endoplasmic reticulum; JNK, c-Jun
N-terminal kinase; NOX-1, NADPH oxidase-1; RAGE, receptor for advanced glycation end-products; ROS, reactive oxygen species; TRPV4, transient receptor potential

etal.,, 2007; Casas et al., 2008). Elevated Ca** may be caused by the
perturbation of the cell membrane evoked by hA and the
activation of transient receptor potential cation channel
subfamily V member 4 (TRPV4) channels (Casas et al., 2008).
The interaction between hA and the cell membrane may also
cause internalization of lipid-peptide complexes that localize to
the ER, trigger the unfolded protein response, and modify insulin
secretion and cell viability (Martinez-Navarro 2020).

hA oligomers can also induce release of pro-inflammatory
cytokines. These cytokines, such as interleukin (IL)-1f, tumor
necrosis factor a (TNF-a) and interferon y (IFN-y), impair
insulin secretion by RIN-m5F f-cells, trigger ROS production,
and cause mitochondrial dysfunction; impairing mitochondrial
membrane potential and leading to apoptosis (Zhang et al., 2011).
hA oligomers can trigger IL-1p processing in dendritic cells and
macrophages, which triggers apoptosis in -cells (Masters et al.,
2010; Westwell-Roper et al., 2014). hA-induced elevation of IL-13
levels in islets is associated with upregulation of Fas, activation of
caspase-8 and apoptosis in p-cells (Park et al., 2017). In the islets
of hA-transgenic mice, hA-induced IL-1p secretion by pancreatic
macrophages may contribute to B-cell death (Masters et al., 2010).
Macrophage depletion in hA-transgenic mice inhibited
inflammatory gene expression and improved glucose tolerance,
while treatment with IL receptor agonist IL-1Ra improved {3-cell
function in T2DM patients (Westwell-Roper et al, 2014).
Conversely, IL-1p stimulates islet B-cells to release increased
amounts of hA, and impairs processing of pro-amylin,
forming a positive feedback loop and potentially augmenting
amyloid deposition (Park et al., 2017; Templin et al., 2020).

Intracellular and extracellular hA oligomers may primarily
induce B-cell death through different mechanisms. In B-cells,
intracellular hA aggregates evoked cytochrome c release from
mitochondria, associated with caspase-9 activation and apoptosis
(Wong et al, 2021). Blocking the Bax or caspase-9 pathway
decreased hA-induced apoptosis. However, in islets cultured with
extracellular hA, blocking the mitochondrial apoptosis pathway
lowered hA-induced cytotoxicity only modestly. Fas inhibition
was much more effective at rescuing cell viability, suggesting
intracellular aggregates may trigger the mitochondrial apoptosis
pathway and extracellular aggregates may trigger the Fas pathway.

To summarize, multiple mechanisms are implicated in hA-
induced B-cell dysfunction and activation of apoptosis in vitro,
including direct membrane disruption, receptor-mediated
apoptosis and induction of cellular stress and inflammation,
although it remains to be seen if all these play in vivo roles.
Inflammation and oxidative stress are also involved in the
development of insulin resistance in various tissues (Wellen &
Hotamisligil, 2005). Polyphenols can target a broad range of these
mechanisms and may therefore be a promising avenue for developing
antidiabetic therapies.

IN VITRO EVIDENCE FOR INHIBITION OF
AMYLIN AGGREGATION AND p-CELL
PROTECTIVE EFFECTS

The ability of various polyphenolic compounds to inhibit hA
aggregation in vitro has been investigated extensively and are
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TABLE 1 | Summary table of in vitro studies of polyphenolic compounds shown to inhibit human amylin (hA) fibril formation in biophysical studies.

Compound Inhibits hA Ability to Prevents hA-induced Cell line References
aggregation? disaggregate cytotoxicity? (compound:hA used for
(compound:hA fibrils? molar ratio) cytotoxicity assay
molar ratio) (compound:hA
molar ratio)
Resveratrol Yes (0.05:1-10:1) Not studied Yes (1:1) INS-1E Mishra et al.
(2009)
Yes (1:1 in INSE-1E Not studied Yes (1:1) INS-1E Radovan et al.
cell culture) (2009)
Yes (1:1-20:1) No (10:1) Not studied - Tu et al. (2015)
Epigallocatechin Yes (0.2:1-1:1) Yes (1:1) Yes (1:1) INS-1 Meng et al.
gallate (2010)
Yes (0.5:1-1:1) Yes (1:2-5:1) Not studied - Cao & Raleigh
(2012)
Yes (0.2:1-5:1) Not studied Not studied - Franko et al.
(2018)
Yes (20:1) Not studied Not studied - Chen, S. et al.
(2020)
Yes (2:1-20:1) Yes (1:1-3:1) Not studied - Wu et al. (2021)
Rutin Yes (0.1:1-10:1) Yes (6:1-11:1) Not studied - Aitken et al.
(2017)
Yes (20:1) Not studied Not studied - Chen, S. et al.
(2020)
Quercetin Yes (2:1) Not studied Yes (small effect at 1:7.5, cytotoxic alone  RIN-m5F Lopez et al.
at high concentrations (ICso = 110 uM)) (2016)
Yes (10:1) Not studied Not studied - Aitken et al.
(2017)
Curcumin Yes (0.01:1-1:1) No (1:1) Yes in INS 832/13 (0.67:1-1.67:1, INS 832/13, hA-transduced INS Daval et al.
cytotoxic alone at 832/13, HIP rat isolated pancreatic ~ (2010)
concentrations >25 pM). islets
No in INS 832/13 cells overexpressing hA
and in isolated islets from HIP rats
Baicalein Yes (3:1-10:1) Yes (3:1) Yes (0.5:1-5:1) INS-1 Velander et al.
(2016)
Oleuropein Yes (1:1-9:1) Not studied Yes (3:1-9:1) RIN-m5F Rigacci et al.
(2010)
Yes (1:1-20:1) Yes (10:1) Yes (1:1-10:1) INS-1 Wu et al. (2017)
Yes (0.67:1) Not studied Yes (2:1-20:1) INS-1E Chaari (2020)
Caffeic acid Yes (0.4-4:1) Not studied Not studied - Sun et al. (2019)
Yes (1:1) Yes (1:1) Yes (5:1) Neuro2A Wu et al. (2021)
Rosmarinic acid Yes (0.04:1-4:1) Not studied Not studied - Sun et al. (2019)
Yes (0.3:1-30:1) Yes (1:1-3:1) Yes (5:1) INS-1, Neuro2A Wu et al. (2021)
Morin Yes (1:1-10:1) Yes (1:1-5:1) Not studied - Noor et al.
(2012)

summarized in Table 1. Studied compounds include: resveratrol
(derived from the skin of grapes and berries); epigallocatechin
gallate (EGCG) and related green tea catechins; rutin and its
aglycone quercetin (found in citrus fruits and buckwheat);
curcumin (the principal flavonoid in turmeric); and oleuropein
(from olive oil) amongst many others.

Amyloid formation is often measured by thioflavin T (ThT)
fluorescence; however, some polyphenols have been shown to
compete with ThT binding sites on hA fibrils (Daval et al., 2010).
Therefore, a secondary technique such as circular dichroism
spectroscopy, ion-mobility mass spectrometry, transmission
electron microscopy, or atomic force microscopy should be
used to confirm and validate the results of ThT measurements.

Compounds that have demonstrated hA aggregation-
inhibitory properties in vitro include: resveratrol (Mishra et al.,
2009; Tu et al., 2015); EGCG (Meng et al., 2010; Cao and Raleigh,

2012; Franko et al., 2018); rutin and quercetin (Aitken et al., 2017;
Chen, S. et al., 2020); curcumin (Daval et al., 2010); baicalein
(Velander et al., 2016), oleuropein (Rigacci et al., 2010; Wu et al.,
2017); caffeic acid (Sun et al., 2019); and rosmarinic acid (Sun
et al, 2019; Wu et al., 2021). Some, but not all, of these
compounds have been shown to be capable of disaggregating
pre-formed hA fibrils, including EGCG (Meng et al., 2010); rutin
(Aitken et al., 2017); rosmarinic acid (Wu et al., 2021); baicalein
(Velander et al., 2016), oleuropein (Wu et al., 2017), and morin
(Noor et al., 2012).

It is important that the structures stabilized by polyphenolic
compounds are not cytotoxic, lest treatment with these
compounds could inadvertently accelerate {-cell death.
Several studies show that the small aggregates stabilized by
many polyphenols are “off-pathway” and non-cytotoxic. hA-
EGCG complexes do not seed hA aggregation, suggesting these

Frontiers in Pharmacology | www.frontiersin.org

December 2021 | Volume 12 | Article 798329


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Nie and Cooper

Antidiabetic Activities of Polyphenols

TABLE 2 | Summary table of in vivo studies of polyphenolic compounds in animal models of diabetes. Abbreviations: AMPK, AMP-activated protein kinase; CPT-1, carnitine
palmitoyl transferase 1; eNOS, endothelial nitric oxide synthase; ER, endoplasmic reticulum; FFA, free fatty acids; GLUT-4, glucose transporter 4; hA, human amylin;

HbA1c, hemoglobin A1c; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; NA, nicotinamide; NFxB, nuclear factor k B; PECK, phosphoenolpyruvate
carboxykinase; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1a; PI3K, phosphoinositide 3-kinase; ROS, reactive oxygen species; SIRT1, sirtuin
1; SOD, superoxide dismutase; STZ, streptozotocin.

Compound Animal model

Dose and
route of
administration

Models expressing human amylin (hA)

Epigallocatechin hA-transgenic

gallate mice
Rutin hA-transgenic
mice

Rosmarinic acid HIP rats

0.4 mg/ml in drinking
water

0.5 mg/ml in drinking
water

0.5% w/w dietary
supplementation

Non-hA expressing models of diabetes

Resveratrol adb/db mice

adb/db mice

NA-STZ and
STZ-induced
diabetic rats

NA-STZ and
STZ-induced
diabetic rats

STZ-induced

diabetic rats

Green tea extract  High-fructose
diet-fed rats

0.005 and 0.02% w/w

dietary supplementation

20 mg/kg/day orally

0.05, 0.1, 0.5, 3.0, 6.0
and 10.0 mg/kg orally

5 mg/kg/day orally

2.5 mg/kg/day orally

0.5 g/100 ml drinking
water

Duration

3 weeks

From weaning until
death

4 months

6 weeks

12 weeks

Single dose or
3 mg/kg 3x daily
for 7 days

30 days

2 weeks

12 weeks

Findings

Decreased pancreatic amyloid in hemizygous
mice but not in homozygous. Nonsignificant
tendency to increase islet number in homozygous
mice. No change in blood glucose, body weight or
pancreatic insulin staining

Delayed diabetes onset, prolonged time to
accelerated increases in blood glucose, fluid
intake and body-weight loss

Reduced pancreatic amyloid deposition, hA
oligomer levels in sera, and non-fasting blood
glucose. Prevented hypoinsulinemia

Both doses decreased blood glucose levels. Higher
dose decreased HbA1c levels and increased glucose
tolerance, plasma insulin levels and pancreatic insulin
staining.

Higher dose increased hepatic glycolytic enzyme
activity and decreased gluconeogenesis enzyme
activity. Both doses increased skeletal muscle
GLUT-4 protein. Both doses decreased plasma
and hepatic lipid levels

No decrease in blood glucose levels but improved
glucose tolerance and preserved islet $-cell mass.
Decreased pancreatic ROS levels

Dose-dependently lowered plasma glucose
(PI3BK-dependent). Three and 10 mg/kg increased
plasma insulin levels in NA-STZ rats but not STZ
rats. Improved glucose tolerance in normal rats
In STZ rats, 3 mg/kg increased Akt phosphorylation
in skeletal muscle (PI3K-dependent), while 7-day
treatment increased GLUT-4 protein in skeletal
muscle and decreased PEPCK protein in liver

Lowered fasting blood glucose and HbA1c levels,
increased plasma insulin levels. Prevented p-cell
degeneration.

Normalized plasma levels of pro-inflammatory
cytokines and antioxidants. Normalized
pancreatic antioxidant enzyme activity. Decreased
markers of oxidative stress in plasma and
pancreas

Lowered blood glucose levels. May increase
glucose uptake in the heart via increased Akt,
AMPK and eNOS phosphorylation, and GLUT-4
translocation

Prevented increased in fasting plasma glucose
and insulin. Normalized glucose and insulin
response. Lowered blood pressure.

Normalized insulin-stimulated glucose uptake and
GLUT-4 protein levels in adipocytes

References

Franko et al. (2018)

Aitken et al. (2017)

Wu et al. (2021)

Do et al. (2012)

Lee et al. (2012)

Chi et al. (2007)

Palsamy & Subramanian
(2010)

Penumathsa et al. (2008)

Wu, Juan, Hwang et al.
(2004)

(Continued on following page)
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TABLE 2| (Continued) Summary table of in vivo studies of polyphenolic compounds in animal models of diabetes. Abbreviations: AMPK, AMP-activated protein kinase; CPT-1,
carnitine palmitoyl transferase 1; eNOS, endothelial nitric oxide synthase; ER, endoplasmic reticulum; FFA, free fatty acids; GLUT-4, glucose transporter 4; hA, human amylin;
HbA1c, hemoglobin A1c; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; NA, nicotinamide; NFkB, nuclear factor x B; PECK, phosphoenolpyruvate

carboxykinase; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1a; PI3K, phosphoinositide 3-kinase; ROS, reactive oxygen species; SIRT1, sirtuin 1;
SOD, superoxide dismutase; STZ, streptozotocin.

Compound

Epigallocatechin
gallate

Epicatechin

Animal model

Sprague Dawley
rats

STZ mice and
adb/db mice

STZ mice

STZ rats

Sprague Dawley
rats and Zucker
rats

adb/db mice

adb/db mice

ZDF rats

Non-obese
diabetic (NOD)
mice

High fat diet-fed
mice

Alloxan-induced
diabetic rats

Alloxan-induced
diabetic rats

STZ rats and
BB/E rats

Dose and
route of
administration

0.5 g/100 ml drinking
water

30, 150 or 300 mg/kg
orally

100 mg/kg/day
intraperitoneally

25 mg/kg/day orally

70-92 mg/kg/day
intraperitoneally

1% w/w dietary
supplementation

0.25, 0.5, or 1% w/w
dietary supplementation

0.5% w/w dietary
supplementation

0.05% w/v in drinking
water

50 mg/kg/day orally

30 mg/kg 2 x daily
intraperitoneally

100 mg/kg/day
intraperitoneally

30 mg/kg 2 x daily
intraperitoneally
Or 90 mg/kg/day orally

Duration

12 weeks

Single dose

5 days with STZ
then 5 days alone

8 weeks

7 days

10 weeks

7 weeks

10 weeks

27 weeks

4 weeks

2 days prior to
alloxan and 1 day
after, or 4-5 days
after

2 weeks

6-9 days

Findings

No change in fasting plasma glucose after 4 and
6 weeks. After 12 weeks, reduced fasting plasma
glucose and insulin levels and increased insulin
sensitivity. Decreased plasma lipid levels. Increased
glucose uptake in adipocytes

300 mg/kg lowered fasting blood glucose levels
without altering insulin levels

Reduced hyperglycemia and partially preserved
islet mass. Attenuated the induction of INOS
expression

Decreased serum glucose and lipid levels.
Decreased hepatic lipid peroxidation and
attenuated the decrease in SOD activity

Decreased serum glucose, insulin, leptin and lipid
levels

Decreased fasting blood glucose. No change in
fasting plasma insulin. Improved glucose
tolerance but no improvement in insulin sensitivity.
Decreased islet pathology. Reduced expression
of ER stress markers in islets

Improved glucose tolerance. Dose-dependent
reduction in blood glucose and increase in plasma
insulin. Decreased plasma triacylglycerol.
Increased glucokinase expression, decreased
PEPCK expression in liver. Increased acyl-CoA
oxidase-1 and CPT-1 in liver and adipose

Improved glucose tolerance, decreased
plasma FFA.

Lowered fasting blood glucose and HbA1c levels,
improved glucose tolerance, and increased
plasma insulin levels. Delayed onset of diabetes
and reduced mortality rate of diabetic mice.

No effect on immune cell infiltrate in the pancreas.
Increased plasma IL-10 and IL-12 levels but no
effect on other measured cytokines

No effect on fasting serum glucose, insulin or lipid
levels but improved glucose tolerance

Prevented hyperglycemia, hypoinsulinemia, and
preserved B-cell mass

Treatment group tended towards lower blood
glucose levels but not significant

No differences in blood glucose or p-cell mass in
STZ rats.

In diabetic BB/E rats, failed to prevent body weight
loss or decrease plasma glucose. In prediabetic
BBJE rats, failed to prevent diabetes onset and
progression

References

Wu, Juan, Ho et al. (2004)

Tsuneki et al. (2004)

Song et al. (2003)

Roghani &
Baluchnejadmojarad
(2010)

Kao et al. (2000)

Ortsater et al. (2012)

Wolfram et al. (2006)

Wolfram et al. (2006)

Fu et al. (2011)

Zhang et al. (2021)

Chakravarthy et al., 1981,
Chakravarthy et al., 1982

Sheehan et al. (1983)

Bone et al. (1985)
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Antidiabetic Activities of Polyphenols

TABLE 2| (Continued) Summary table of in vivo studies of polyphenolic compounds in animal models of diabetes. Abbreviations: AMPK, AMP-activated protein kinase; CPT-1,
carnitine palmitoyl transferase 1; eNOS, endothelial nitric oxide synthase; ER, endoplasmic reticulum; FFA, free fatty acids; GLUT-4, glucose transporter 4; hA, human amylin;
HbA1c, hemoglobin A1c; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; NA, nicotinamide; NFkB, nuclear factor x B; PECK, phosphoenolpyruvate

carboxykinase; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1a; PI3K, phosphoinositide 3-kinase; ROS, reactive oxygen species; SIRT1, sirtuin 1;
SOD, superoxide dismutase; STZ, streptozotocin.

Compound Animal model

Rutin STZ rats
STZ rats
Fructose-fed
rats

Quercetin Fructose-fed

rats

High cholesterol
diet-fed rats

STZ rats

STZ rats

STZ rats

Alloxan-induced
diabetic mice

Dose and
route of
administration

25, 50 or 100 mg/kg/day
orally

2, 25 or 50 mg/kg/day
intraperitoneally

50 or 100 mg/kg/day
orally

50 or 100 mg/kg/day
orally

0.5% w/w dietary
supplementation

10 or 15 mg/kg/day
intraperitoneally

15 mg/kg/day
intraperitoneally

50 mg/kg/day orally with
or without 70 mg/kg/day
sitagliptin

20 mg/kg/day orally

Duration

45 days

2 weeks

4 weeks

4 weeks

4 weeks

10 days

4 weeks

3 weeks

3 weeks

Findings

All doses decreased fasting plasma glucose
levels. 100 mg/kg increased plasma insulin and
C-peptide, and decreased HbA1c levels.
Decreased plasma oxidative stress markers and
increased antioxidant levels

All doses decreased plasma glucose levels.
Improved nerve function, decreased oxidative
stress and inflammation in nerves, and normalized
antioxidant enzyme activity

Decreased serum lipid levels. Higher dose
improved renal function. Both doses decreased
kidney and serum inflammation markers.
Reversed hyperleptinemia and restored leptin and
insulin signaling in kidney

Decreased serum lipid levels. Improved renal
function and decreased inflammation in kidney
and serum. Reversed hyperleptinemia and
restored leptin and insulin signaling in kidney

Prevented an increase in plasma glucose, insulin
and lipid levels, and pancreatic cholesterol
content. Increased pancreatic insulin content.
Prevented decreases in pancreatic ATP levels and
antioxidant enzyme activity. Prevented increases
in oxidative stress and inflammation. Increased
expression of SIRT1 and PGC-1a

Lowered plasma glucose and lipid levels, and
improved glucose tolerance. Increased the
number of pancreatic islets and increased hepatic
hexokinase activity

Normalized serum glucose and insulin levels.
Decreased pancreatic and serum oxidative stress
markers and increased pancreatic antioxidant
enzyme activity. Protected p-cells from
degeneration

Decreased serum glucose and lipid levels,
increased C-peptide levels. Reduced p-cell
degeneration and increased insulin content.
Decreased serum markers of oxidative stress and
inflammation

Lowered fasting blood glucose. Increased
glycolytic enzyme activity and decreased
gluconeogenic enzyme activity in liver, skeletal
muscle and kidney. Increased GLUT-4 expression
in skeletal muscle, adipocytes and serum.
Increased antioxidant enzyme activity in pancreas,
liver, kidney and skeletal muscle. Decreased
markers of lipid peroxidation and liver and kidney
dysfunction. Reduced DNA damage in pancreas,
liver and kidney

References
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Tian et al. (2016)

Hu et al. (2012)

Hu et al. (2012)

Carrasco-Pozo et al. (2016)
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Antidiabetic Activities of Polyphenols

TABLE 2| (Continued) Summary table of in vivo studies of polyphenolic compounds in animal models of diabetes. Abbreviations: AMPK, AMP-activated protein kinase; CPT-1,
carnitine palmitoyl transferase 1; eNOS, endothelial nitric oxide synthase; ER, endoplasmic reticulum; FFA, free fatty acids; GLUT-4, glucose transporter 4; hA, human amylin;
HbA1c, hemoglobin A1c; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; NA, nicotinamide; NFkB, nuclear factor x B; PECK, phosphoenolpyruvate

carboxykinase; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1a; PI3K, phosphoinositide 3-kinase; ROS, reactive oxygen species; SIRT1, sirtuin 1;
SOD, superoxide dismutase; STZ, streptozotocin.

Compound

Curcumin

Kaempferol

Caesalpinia

bonduc extract

Animal model

STZ rats fed a
high-fat diet

Alloxan-induced
diabetic rats

adb/db mice

adb/db mice

High fat diet-fed
mice

STZ rats fed a
high-fat diet

STZ mice

Alloxan-induced
diabetic rats

Dose and
route of
administration

50, 150 or 250 mg/kg/

day orally

80 mg/kg/day orally

0.2 g/kg dietary
supplementation

0.75% w/w dietary
supplementation

50 mg/kg/day orally

50 or 150 mg/kg/day
orally

50 mg/kg/day orally

250 or 500 mg/kg
intraperitoneally

Duration

7 weeks

3 weeks

6 weeks

8 weeks

15 days

10 weeks

12 weeks

8 weeks

Findings

Decreased fasting blood glucose and plasma lipid
levels. Increased insulin levels and insulin
sensitivity. Increased phosphorylated AMPK in
skeletal muscle

Lowered blood glucose and Hb1Ac levels.
Reduced lipid peroxidation and increased
antioxidant enzyme activity in plasma and liver

Decreased fasting blood glucose, Hb1Ac and
plasma lipid levels, and increased insulin levels.
Improved glucose tolerance and HOMA-IR.
Increased hepatic glucokinase activity and
decreased gluconeogenic enzyme activity.
Increased hepatic glycogen storage and lowered
lipid peroxidation. Normalized hepatic lipid
regulating and antioxidant enzyme activity.
Increased lipoprotein lipase activity in skeletal
muscle but not adipose

No effect on blood glucose levels. Attenuated
NFkB expression in liver. Increased hepatic AMPK
expression but no effect on SIRT1 or PGC-1a. No
effect on protein nitration

Decreased blood glucose and serum insulin
levels. Improved HOMA-IR and glucose tolerance.
Decreased lipid peroxidation levels in serum and
skeletal muscle but not in adipose or liver.
Reduced ROS in skeletal muscle

High dose reduced fasting blood glucose. Both
doses decreased serum insulin, lipid levels, and
markers of hepatic dysfunction. Improved insulin
resistance and decreased markers of
inflammation in the liver and serum

Reduced fasting and non-fasting blood glucose
levels, and incidence of overt diabetes. Improved
glucose tolerance and plasma lipid profile. No
effect on insulin levels.

Decreased hepatic glucose production, pyruvate
carboxylase activity but increased glucokinase
activity and glycogen storage. Increased glucose
metabolism in skeletal muscle

Dose-dependent decrease in fasting blood
glucose. Decreased serum insulin, leptin, amylin
and peptide YY levels. Reduced p-cell
degeneration.

Normalized hepatic glycolytic and gluconeogenic
enzyme activity, and glycogen content. Increased
hepatic and pancreatic antioxidant enzyme
activity and decreased oxidative stress. Increased
expression of components of the insulin signaling
pathway
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are off-pathway species (Meng et al., 2010). Oleuropein forms
non-toxic structures with hA that are distinct from pure hA
oligomers (Rigacci et al., 2010). Discrete molecular dynamics
simulations suggest that resveratrol and curcumin also stabilize
small, off-pathway hA oligomers (Nedumpully-Govindan et al.,
2016). Both EGCG and rosmarinic acid can disaggregate pre-
formed hA fibrils to amorphous, off-pathway aggregates. This
disaggregation pathway was not the reverse of fibril formation
and hA monomers were not formed (Wu et al., 2021).

Several polyphenols have protective effects against the
cytotoxicity induced by hA treatment in pancreatic cell lines.
Resveratrol prevented hA-evoked cytotoxicity in the INS-1E rat
insulinoma cell line (Mishra et al., 2009; Radovan et al., 2009) and
decreased oxidative stress in hA-overexpressing INS-1E cells
(Hernandez et al., 2018). Similarly, EGCG prevented hA-
induced toxicity in INS-1 cells (Meng et al.,, 2010), quercetin
demonstrated a small effect in RIN-m5F rat insulinoma cells
(Lopez et al., 2016), and curcumin in the INS 832/13 B-cell line
(Daval et al., 2010). Oleuropein has shown a cytoprotective
effect against hA in INS-1 (Wu et al.,, 2017; Chaari, 2020) and
RIN-m5F cells (Rigacci et al., 2010). Rosmarinic acid formed
nontoxic aggregates with hA that neutralized hA-induced
cytotoxicity in INS-1 cells (Wu et al, 2021). Similarly,
baicalein also prevented hA-induced cytotoxicity in INS-1
cells (Velander et al., 2016).

In summary, many natural polyphenols demonstrate the
ability to inhibit amyloid formation by hA in in vitro tests,
often forming off-pathway species and protecting B-cells from
hA-evoked cytotoxicity.

IN VIVO EVIDENCE OF AN ANTIDIABETIC
EFFECT OF POLYPHENOLS

Numerous studies in animal models have been done to test the
antidiabetic effects of polyphenols, which are summarized in
Table 2. Only a few of these have utilized a model expressing
hA, the human, aggregating form of amylin. EGCG had some
benefit in a study using hA-transgenic mice, where oral treatment
for 3 weeks reportedly decreased pancreatic amyloid fibril levels
in hemizygous mice but not in homozygous (Franko et al., 2018).
Oral administration of rutin delayed diabetes onset and
ameliorated disease severity and progression in hA-transgenic
mice (Aitken et al.,, 2017). Similarly, in a study using transgenic
HIP rats, 4-month dietary supplementation of rosmarinic acid
reduced pancreatic amyloid deposition, serum hA oligomer levels
and non-fasting blood glucose, and increased serum insulin levels
(Wu et al., 2021).

Many studies have used diabetic models that do not
recapitulate the amyloid component of the human disease,
such as streptozotocin (STZ) models or leptin deficient db/db
mice. Some of these models are more reminiscent of T1IDM than
T2DM. Nonetheless, they provide valuable information on some
of the numerous antidiabetic effects that many polyphenolic
compounds possess.

Resveratrol supplementation in db/db mice decreased blood
glucose and HbAlc levels (Do et al, 2012), increased plasma

Antidiabetic Activities of Polyphenols

insulin and pancreatic insulin content (Do et al., 2012), improved
glucose tolerance and preserved islet B-cell mass (Lee et al., 2012).
In nicotinamide (NA)-STZ-induced and STZ-induced diabetes in
rats, oral resveratrol lowered blood glucose (Chi et al., 2007;
Penumathsa et al.,, 2008; Palsamy and Subramanian, 2010). In
NA-STZ-treated rats, resveratrol also increased insulin levels (Chi
et al., 2007; Palsamy and Subramanian, 2010).

Green tea  treatment  prevented  hyperglycemia,
hyperinsulinemia and insulin resistance induced by a high-
fructose diet in rats (Wu, Juan, Hwang, et al, 2004). It also
lowered blood glucose levels in STZ-diabetic and db/db diabetic
mice, although it did not alter serum insulin levels (Tsuneki et al.,
2004). Green tea treatment had no effect on blood glucose after 4
or 6 weeks in normal rats, but lowered blood glucose and insulin
levels after 12 weeks, as well as increasing insulin sensitivity (Wu,
Juan, Ho, et al., 2004).

Individual green tea components have shown mixed results.
Intraperitoneal administration of EGCG reduced hyperglycemia
and partially preserved islet mass in STZ-treated mice (Song et al.,
2003) and lowered blood glucose in both Sprague Dawley and
Zucker rats (Kao et al., 2000). Oral EGCG had no blood glucose-
lowering effect after 4 weeks in high fat diet (HFD)-fed mice
(Zhang et al., 2021). However, longer-term oral administration
has been reported to lower blood glucose in db/db mice (Wolfram
et al.,, 2006; Ortsater et al., 2012), non-obese diabetic (NOD)
mice (Fu et al, 2011), and STZ-rats (Roghani and
Baluchnejadmojarad, 2010). EGCG supplementation also
improved glucose tolerance (Wolfram et al, 2006; Ortsater
et al, 2012; Zhang et al,, 2021) and decreased islet pathology
(Ortsater et al., 2012). Some studies reported increased insulin
levels (Wolfram et al., 2006; Fu et al., 2011), while others reported
a decrease (Kao et al., 2000).

Studies on epicatechin in alloxan-treated rats have also shown
mixed results. Some have reported that it normalized blood
glucose levels via P-cell regeneration (Chakravarthy et al,
1982) and had a protective effect when injected prior to
alloxan treatment (Chakravarthy et al., 1981). However, others
reported no effects (Sheehan et al., 1983; Bone et al., 1985).

In STZ-diabetic rats, oral rutin treatment decreased fasting
plasma glucose levels (Kamalakkannan and Prince, 2006; Tian
et al, 2016) and increased insulin and C-peptide levels
(Kamalakkannan and Prince, 2006). Both rutin and its
aglycone quercetin restored impaired insulin and leptin
signaling pathways in fructose-fed rats (Hu et al., 2012).

Quercetin has shown similar effects to rutin. Oral quercetin
supplementation in alloxan-induced diabetic mice (Alam et al,,
2014), STZ rats (Eitah et al., 2019) and rats fed a high-cholesterol
diet (Carrasco-Pozo et al, 2016), as well as intraperitoneal
quercetin administration to STZ-rats (Vessal et al, 2003;
Coskun et al., 2005), lowered plasma glucose levels. Quercetin
also increased insulin levels and protected B-cells from STZ-
induced degeneration (Vessal et al., 2003; Coskun et al., 2005;
Eitah et al, 2019). In rats receiving a high-cholesterol diet,
quercetin prevented an increase in insulin levels (Carrasco-
Pozo et al., 2016).

Oral administration of curcumin to rats fed both a HFD and
treated with STZ, led to lower fasting blood glucose levels,
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increased insulin levels and insulin sensitivity (Na et al., 2011).
Curcumin treatment lowered blood glucose and Hb1Ac levels
in alloxan-induced diabetic rats (Arun and Nalini, 2002) and
db/db mice (Seo et al., 2008). Curcumin was also reported to
improve insulin resistance and glucose tolerance in db/db mice
(Seo et al., 2008) and HFD-fed mice (He et al., 2012), and also
increased insulin levels in db/db mice (Seo et al., 2008). By
contrast, in a similar study of db/db mice, curcumin
supplementation had no effect on blood glucose levels
(Jimenez-Flores et al., 2014).

A study using Caesalpinia bonduc (CPP) extract (containing
high levels of polyphenols, including gallic acid, caffeic acid,
p-coumaric acid, chlorogenic acid, protocatechuic acid, and
epicatechin) administered to alloxan-induced diabetic rats
found that it restored serum glucose and insulin levels toward
normal and reduced B-cell degeneration (Iftikhar et al., 2020).
Kaempferol treatment in HFD- and STZ-treated rats reduced
circulating blood glucose, insulin levels and insulin resistance
(Luo et al.,, 2015). Another study using STZ-mice found that
kaempferol decreased fasting and non-fasting glucose levels, the
incidence of overt diabetes and improved glucose tolerance.
However, no effect on insulin levels was found (Alkhalidy
et al., 2018).

To summarize, several polyphenols have shown promising
antidiabetic effects following oral administration. Many
demonstrate a blood glucose-lowering effect while some also
increased circulating insulin levels (likely due to a protective
effect on pancreatic p-cells), whereas others decreased insulin
(perhaps due to increased insulin sensitivity). Care must be
taken in interpreting the results from diabetic animal models.
In some cases, such as in STZ- or alloxan-induced diabetes, the
beneficial effects of polyphenol treatment may relate to the
specific method of diabetes induction (for example,
inflammation).

CLINICAL EVIDENCE FOR AN
ANTIDIABETIC EFFECT OF POLYPHENOLS

While evidence for antidiabetic effects in non-clinical models
appears to be promising, that from human studies is more
limited and ambiguous. These are summarized in Table 3.
The effects of polyphenol intervention in human randomized
controlled trials have recently been reviewed in a meta-
analysis by Raimundo et al. (2020). Briefly, the authors
found there was evidence that polyphenol consumption
lowered fasting blood glucose levels overall but did not
affect insulin levels or Homeostatic Model Assessment of
Insulin Resistance (HOMA-IR) values. The effect of
polyphenol intervention was strongest in patients with
diagnosed diabetes and greater when used in conjunction
with antidiabetic medication.

A great number of trials have been performed using green tea
and related catechins, but results have been inconsistent. A meta-
analysis of randomized controlled trials using green tea or extract
concluded that green tea catechins significantly lowered fasting
blood glucose and hemoglobin Alc (HbAlc) levels (Liu et al,
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2013). Subgroup analysis suggested that the blood glucose-
lowering effect was only seen in those with higher catechin
intakes, and only in subjects at risk of metabolic syndrome but
not in healthy individuals. Similarly, another meta-analysis
reported that catechins significantly lowered fasting blood
glucose, but no significant changes in insulin levels, HbAlc or
HOMA-IR were reported (however, fewer studies have reported
results for these outcomes) (Zheng et al, 2013). Subgroup
analysis indicated that a study duration of at least 12 weeks
was needed for the effect on fasting blood glucose to be seen.
By contrast, a more recent meta-analysis examining the effect of
green tea on patients with T2DM or prediabetes found no effect
on fasting blood glucose, HbA ¢, insulin or HOMA-IR. However,
the small sizes and varying quality of the studies examined may
mean these findings are less reliable (Yu et al., 2017).

Studies on the major green tea polyphenol EGCG have been
similarly contrary. A 300 mg/day dose in subjects with diabetes
resulted in reduced fasting blood glucose levels, although there
was no change in insulin levels or HOMA-IR (Hadi et al., 2020).
However, an 800 mg/day dose for the same duration in obese
participants failed to show any effect on fasting blood glucose,
HbAlc, insulin, glucose tolerance or HOMA-IR (Brown et al.,
2009).

Results from human studies on resveratrol have also been
conflicting. Four-weeks supplementation of a low dose (10 mg/
day) of resveratrol decreased HOMA-IR in T2DM patients but
did not affect serum insulin levels or indexes of p-cell function
(Brasnyo et al., 2011). By contrast, 12 weeks of a much higher
dose (3g/day) in subjects with T2DM did not show an
improvement in HOMA-IR, although there was a
nonsignificant decrease in HbAlc (Goh et al., 2014). Similarly,
a 5-weeks intervention with 1g/day of resveratrol found no
change in fasting or post-prandial blood glucose or HbAlc
(Thazhath et al., 2016). A study in obese participants found
no effect of 1,500 mg/day resveratrol over 4 weeks on insulin
resistance, fasting glucose, or insulin (Poulsen et al., 2013). This
contrasts with a study by Timmers et al. which found that 30 days
of 150 mg/day resveratrol reduced fasting plasma glucose, insulin,
triglycerides, and HOMA-IR (Timmers et al., 2011). Trials with
longer follow-up periods have also failed to demonstrate
significant effects. A 6-months trial in T2DM patients did not
lead to any change in serum glucose, HbAlc, insulin, C-peptide,
HOMA-IR or FFA (Bo et al, 2016). Likewise, low-dose
resveratrol for 12months in patients with T2DM and
hypertension failed to find any effect in serum glucose, HbAlc
or lipids, although several inflammation markers were altered
(Tome-Carneiro et al., 2013).

Trials using curcumin supplementation have generally
reported more positive results. Twelve weeks of curcumin
treatment in subjects with a high risk of developing T2DM
lowered serum insulin levels and insulin resistance, but not
fasting blood glucose (Thota et al., 2020). Curcumin treatment
also decreased serum glycogen synthase kinase-3p (GSK-3p) and
hA levels (overexpression of both is linked to T2DM). A 9-
months trial in patients with prediabetes found that
supplementation with curcuminoid (a mixture of curcumin
analogs) decreased the risk of developing T2DM and
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TABLE 3| Summary table of studies of the antidiabetic effects of polyphenolic compounds in humans. Abbreviations: AMPK, AMP-activated protein kinase; BMI, body mass
index; GIP, gastric inhibitory polypeptide; GLP-1, glucagon-like peptide 1; GSK-3p, glycogen synthase kinase-3p; HbA1c, hemoglobin A1c; HOMA-B, Homeostatic
Model Assessment of B-cell Function; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; PGC-1a, peroxisome proliferator-activated receptor gamma
coactivator 1a; RCT, randomized controlled trial; SIRT1, sirtuin 1; T2DM, type 2 diabetes mellitus.

Compound Type of
study
Polyphenols Meta-
(general) analysis
Green tea Meta-
catechins analysis
Meta-
analysis
Meta-
analysis
Epigallocatechin RCT
gallate
RCT
Resveratrol RCT
RCT
crossover

Dose per

day (oral)
33-2093 mg
208-1,207 mg

235.64-1,206.9 mg

200 mg polyphenols —
4 cups green tea

300 mg

800 mg

10 mg

150 mg

Duration

4 weeks—1 year

2 weeks—6 months

3-24 weeks

4 weeks-18 months

8 weeks

8 weeks

4 weeks

30 days

Participant criteria

Diagnosed T2DM (taking
or not taking medication),
at high risk of T2DM, or
low risk of T2DM

Diagnosed or borderline
T2DM, overweight to
obese subjects, or healthy
subjects

Elevated fasting blood
glucose, overweight to
obese subjects, or healthy
subjects

Participants with T2DM or
prediabetes

Diagnosed T2DM and not
receiving insulin treatment
(n = 44)

Overweight or obese
subjects (n = 88)

Diagnosed T2DM and not
receiving insulin treatment
(h =19

Participants with obesity
(nh=11)

Outcomes

Reduced fasting blood glucose
levels and small decrease in
HbA1c levels. No effect on
insulin levels or HOMA-IR.
Effect was strongest in patients
with diagnosed T2DM,
especially in conjunction with
antidiabetic medication

Decreased fasting blood glucose
and HbA1c levels. No effect on
fasting insulin levels or HOMA-IR.
Effect only seen in studies with
catechin intake =457 mg (median),
and only in subjects with/at risk of
metabolic syndrome. No
difference between short or long
duration studies

Lowered fasting blood glucose.
No change in HbA1c, insulin
levels or HOMA-IR.

Effect only seen in studies with a
duration >12 weeks. Dose and
health status were not effect
modifiers

No effect on fasting blood glucose,
insulin, HbA1c or HOMA-IR.

Decreased fasting blood glucose
and marker of inflammation. No
effect on insulin levels or
HOMA-IR.

No change in fasting glucose,
HbA1c, insulin, lipid levels,
glucose tolerance, HOMA-IR or
HOMA-B. There was a decrease
in diastolic blood pressure

Extended time to maximal tissue
glucose levels after a meal and
decreased HOMA-IR. Did not
affect blood glucose, serum
insulin, amylin, GLP-1, GIP or
lipid levels, or HOMA-B.
Decreased marker of oxidative
stress and increased marker of
insulin signaling

Decreased plasma glucose,
insulin, leptin, triglycerides levels,
and HOMA-IR. Delayed peak
glucose and insulin responses
after a meal. Decreased systolic
blood pressure. Decreased
inflammatory markers. Increased
markers of mitochondrial oxidative
metabolism (including AMPK,
SIRT1 and PGC-1a) and improved
liver function
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TABLE 3| (Continued) Summary table of studies of the antidiabetic effects of polyphenolic compounds in humans. Abbreviations: AMPK, AMP-activated protein kinase; BMI,
body mass index; GIP, gastric inhibitory polypeptide; GLP-1, glucagon-like peptide 1; GSK-38, glycogen synthase kinase-3p; HbA1c, hemoglobin A1c; HOMA-B,

Homeostatic Model Assessment of p-cell Function; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; PGC-1a, peroxisome proliferator-activated receptor
gamma coactivator 1a; RCT, randomized controlled trial; SIRT1, sirtuin 1; T2DM, type 2 diabetes mellitus.

Compound Type of

study

RCT

RCT
crossover

RCT

RCT

Grape extract/ RCT

Grape extract +
resveratrol

RCT

Curcumin

RCT

RCT
phase 2

RCT

Dose per
day (oral)

40 or 500 mg

1,000 mg

1,500 mg

3,000 mg

302 mg polyphenols
+16.2 mg resveratrol

180 mg

300 mg (curcuminoids)

500 mg (=95%
curcuminoids, >65%
curcumin)

+30 mg zinc

1,500 mg
(curcuminoids)

Duration

6 months

5 weeks

4 weeks

12 weeks

12 months

12 weeks

3 months

3 months

9 months

Participant criteria

Diagnosed T2DM and not
receiving insulin treatment
(n=179)

Diagnosed T2DM
managed by diet only
(n=14)

Participants with obesity
(n =24)

Diagnosed T2DM, on oral
hypoglycemic treatment
(n =10)

Participants with T2DM,
stable coronary heart
disease and hypertension
taking medication (n = 35)

At risk of developing
T2DM and BMI >25
(n =29

Diagnosed T2DM and
BMI >24, on oral
hypoglycemic and/or
insulin treatment (n = 100)

Overweight or obese
subjects with prediabetes
(n =82

Participants with
prediabetes not taking
medication (n = 240)

Outcomes

No change in fasting serum
glucose, HbA1c, insulin or lipid
levels, liver function biomarkers,
HOMA-IR or blood pressure.
Decrease in C-reactive protein
(inflammation)

No change in fasting or post-
prandial blood glucose or GLP-1
levels. No effect on HbA1c levels

No effect on fasting plasma
glucose, HbA1c, insulin, lipid
levels, HOMA-IR or blood
pressure. No effect on insulin
sensitivity by hyperinsulinemic
euglycemic clamp. No effect on
inflamsmatory or liver biomarkers,
or AMPK and SIRT1 activity

No change in fasting plasma
glucose, insulin or lipid levels, or
in HOMA-IR. Nonsignificant
decrease in HoA1c.

Did increased skeletal muscle
SIRT1 expression, pAMPK:
AMPK ratio, and resting
metabolic rate

No effect on serum glucose,
HbA1c, lipid levels, or blood
pressure. Several inflammation
markers were decreased

No change in fasting blood
glucose but lowered serum
insulin levels and HOMA-IR.
Decreased serum amylin and
GSK-3p levels

Decreased fasting serum
glucose, HbA1c, lipid levels, and
HOMA-IR. No effect on liver
function biomarkers

Curcumin with and without zinc
decreased fasting plasma
glucose, postprandial glucose,
serum insulin, HbA1¢ and insulin
resistance. Increased insulin
sensitivity. Curcumin + zinc
group only decreased BMI.

Decreased the risk of developing
T2DM. Reduced fasting blood
glucose, HoA1c, and C-peptide
levels. Improved glucose
tolerance, HOMA-IR and
HOMA-B
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Chuengsamarn et al.
(2012)

(Continued on following page)

Frontiers in Pharmacology | www.frontiersin.org

12

December 2021 | Volume 12 | Article 798329


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Nie and Cooper

Antidiabetic Activities of Polyphenols

TABLE 3| (Continued) Summary table of studies of the antidiabetic effects of polyphenolic compounds in humans. Abbreviations: AMPK, AMP-activated protein kinase; BMI,
body mass index; GIP, gastric inhibitory polypeptide; GLP-1, glucagon-like peptide 1; GSK-3p, glycogen synthase kinase-3p; HbA1c, hemoglobin A1c; HOMA-B,

Homeostatic Model Assessment of p-cell Function; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; PGC-1a, peroxisome proliferator-activated receptor
gamma coactivator 1a; RCT, randomized controlled trial; SIRTT, sirtuin 1; T2DM, type 2 diabetes mellitus.

Compound Type of Dose per Duration

study day (oral)

Quercetin RCT 250 mg 8 weeks
Meta- 100-1,000 mg 4-12 weeks
analysis

Olive leaf extract/ RCT 51.1 mg oleuropein, 12 weeks

Oleuropein crossover 9.7 mg hydroxytyrosol
RCT 136.2 mg oleuropein, 6 weeks
crossover 6.4 mg hydroxytyrosol
RCT 320.8 mg oleuropein, 12 weeks

11.9 mg hydroxytyrosol
RCT 500 mg olive leaf 14 weeks

extract

improved HOMA-IR, B-cell function (HOMA-B), and C-peptide
levels (Chuengsamarn et al., 2012). In patients with either
diagnosed T2DM or prediabetes, curcuminoid treatment for
3 months resulted in decreased fasting blood glucose, HbAlc
levels and insulin resistance (Na et al., 2013; Karandish et al,,
2021). Furthermore, FFA and triglyceride levels were reduced in
patients with diabetes (Na et al, 2013) and serum insulin
decreased in prediabetic subjects (Karandish et al., 2021).

Few human trials using quercetin have been conducted in
patients with T2DM. Quercetin supplementation (250 mg/day)
for 8 weeks in diabetic patients increased serum total antioxidant
capacity, but did not improve fasting blood glucose, HbAlc levels,
insulin levels, insulin sensitivity or blood lipid profile (Mazloom
et al., 2014). A meta-analysis of studies on quercetin’s effect on
glycemic parameters in different population groups also found
that there was no significant effect on fasting blood glucose,

Participant criteria

Diagnosed T2DM and not
receiving insulin treatment
(n=47)

Subjects with (pre)
hypertension, polycystic
ovary syndrome or T2DM,
or were overweight or
obese

Males with BMI between
25 and 30 (n = 45)

Males with
prehypertension (n = 60)

Participants with
prediabetes and BMI
between 23 and 29.9
(n = 56)

Diagnosed T2DM and not
receiving insulin treatment
(n=79

Outcomes

No effect on fasting blood
glucose, HbA1c levels, serum
insulin, lipid levels, or HOMA-IR.
Increased serum antioxidant
capacity and decreased markers
of oxidative stress

Overall, no significant effect on
fasting plasma glucose, serum
insulin, HbA1c or HOMA-IR. Did
decrease fasting glucose in
studies >8 weeks and using
>500 mg doses. Also decreased
insulin levels in studies with
participants <45 years and
doses >500 mg

Improved glucose tolerance,
insulin sensitivity and p-cell
function. Increased IL-6 but no
change in other inflammatory
markers. No effect on lipid levels
or liver function biomarkers

No change in fasting glucose,
insulin or HOMA-IR. Decreased
blood pressure and plasma lipid
levels. Reduced IL-8 but no
effect on other inflammatory
markers

Decreased fasting plasma
glucose and lipid levels, however
increased HbA1c was observed.
No change in insulin levels or
HOMA-IR.

No change in fasting or
postprandial blood glucose but
decreased HbA1c and fasting
insulin levels

References

Mazloom et al.
(2014)

Ostadmohammadi
et al. (2019)

de Bock et al. (2013)

Lockyer et al. (2017)

Araki et al. (2019)

Wainstein et al.
(2012)

insulin, HbAlc or HOMA-IR. However, it did decrease fasting
glucose in studies >8 weeks and using >500mg doses.
Additionally, quercetin decreased insulin levels in studies with
participants <45 years and doses >500 mg (Ostadmohammadi
et al., 2019).

A range of studies have been performed using olive leaf
extract, the major component of which is oleuropein. Olive leaf
extract (321 mg/day oleuropein) decreased fasting plasma
glucose in prediabetic participants, although interestingly an
increase in HbAlc was observed. There was no change in
insulin or HOMA-IR (Araki et al., 2019). However, 500 mg/
day of olive leaf extract patients with T2DM resulted in no
change in fasting or postprandial blood glucose (although
HbAlc and insulin levels were lowered) (Wainstein et al.,
2012). Similarly, there was no effect of 136 mg/day
oleuropein on fasting blood glucose, insulin or HOMA-IR
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in males with prehypertension (Lockyer et al., 2017). However,
a lower dose of oleuropein (51 mg/day) did improved glucose
tolerance and insulin sensitivity in overweight males (de Bock
et al., 2013).

In summary, despite the considerable attention and number
of randomized control trials involving the effect of
polyphenols on metabolic or diabetes-related outcomes,
results remain controversial. Conflicting results may be due
to differences in the dose and duration of study, health status
of participants, whether participants were taking other
medication, and the limited sample sizes often involved. It
should be noted that results are not necessarily consistent with
a dose-dependent nor time-dependent effect of the
intervention. In general, evidence suggests that polyphenol
interventions show some promise in lowering blood glucose
and perhaps improving insulin sensitivity, but more and better
studies are required. Natural polyphenols have a good safety
profile and are consumed in relatively high quantities in a
regular human diet (Sequeira & Poppitt, 2017). Few adverse
events have been reported in clinical studies. One should note
that pancreatic amyloid cannot be measured in live subjects
and that serum levels of hA or proamylin are often not
measured as a biomarker, despite evidence that suggests
high levels may be related to amyloid deposit and are
associated with insulin resistance and T2DM (Zheng et al,
2010).

POTENTIAL MECHANISMS OF ACTION

The myriad health-promoting effects of polyphenols can be
attributed to their structural similarities and potential to
modulate several cellular pathways common to many diseases,
including diabetes. Many mechanisms of action may be
responsible for these effects, including the ability to inhibit
amyloid formation, scavenge ROS, increase cellular antioxidant
capability, inhibit inflammation and cellular stress, ultimately
inhibiting caspase activation and apoptosis (Wang et al., 2001;
Carrasco-Pozo et al., 2016). Polyphenolic compounds may also
regulate insulin signaling, glucose metabolism, lipid levels and
other pathways. Together, these mechanisms may underlie the
B-cell protective, insulin sensitizing and hypoglycemic effects of
polyphenols.

Inhibition of Human Amylin Aggregation
Structure-activity Relationships

Polyphenolic compounds that are effective at inhibiting
amyloid formation have structural similarities
(Figure 2). These include the presence of at least two
phenolic rings, with two to six atom linkers between them
and at least two hydroxyl groups (Porat et al., 2006). These
structural similarities, as well as the promiscuity of
polyphenolic compounds to inhibit amyloid formed from
various peptides, including hA, amyloid-p and a-synuclein,
suggest that the structural conformation is important for
interacting with the aromatic residues and [-sheet
structures common to amyloids (Porat et al., 2006).

several

Antidiabetic Activities of Polyphenols

Studies have found that polyphenolic compounds require at
least two vicinal hydroxyl groups (such as a catechol moiety) to
retain amyloid inhibitory activity and prevent hA-induced
cytotoxicity (Velander et al., 2016; Wu et al,, 2017). Replacing
hydroxyl groups with methoxy groups causes the compound to
lose activity, suggesting the hydroxyl groups may be involved in
the interaction with hA (Velander et al., 2016). Furthermore, the
flavonoid scaffold lacking any hydroxyl groups can bind with hA
but does not inhibit fibrillation, suggesting the flavonoid core
structure may interact with the hA peptide but that
hydroxyl groups are required to prevent aggregation (Chen,
W. L. et al,, 2020).

The catechol moiety alone shows inhibitory effects against
amyloid-p fibrillation (Huong et al., 2010). However, it has
lower activity than larger molecules such as dopamine and
L-DOPA. Additional ring structures on a catechol may make
the compound more hydrophobic, increasing its binding
affinity with amyloid structures (Porat et al., 2006). The side
chains on the A and C rings in polyphenols also play a role in
binding. Compounds containing two catechol moieties
appear to be more effective at both inhibition of hA
aggregation and disaggregation than analogues comprising
only one catechol moiety (Nomoto et al, 2021). For
example, the efficacy of rosmarinic acid was similar to the
additive effects of its two substituents, caffeic acid and salvianic
acid, on the inhibition of fibril formation and hA-induced
cytotoxicity (Wu et al., 2021).

Due to the difficulty in observing the early stages of hA
oligomer formation, the exact binding mechanism of many
polyphenols is unclear. Despite the structural similarities,
different polyphenols may interact with hA in different ways,
and different hypotheses have been proposed to explain the
binding interactions.

Covalent Adducts

One hypothesis is that the catechol moiety common to many
polyphenolic compounds forms covalent adducts with
amyloidogenic peptides, involving autoxidation of the hydroxyl
groups to an o-quinone intermediate that conjugates with the
peptide (Sato et al., 2013; Velander et al., 2016). Vicinal hydroxyl
groups are readily oxidized to form an o-quinone, which can form
bonds with nucleophilic residues such as Cys, Lys and Arg (Sato
et al, 2013; Velander et al, 2016). The presence of three
contiguous hydroxyl groups may facilitate even greater
autoxidation (Akaishi et al, 2008; Cao and Raleigh, 2012;
Ushikubo et al., 2012; Sato et al., 2013). Baicalein (Velander
et al., 2016) (+)-taxifolin (Sato et al., 2013), and caffeic acid (Sun
etal., 2019) are suggested to form covalent adducts with hA via an
o-quinone intermediate.

ni-nt Stacking

Not all molecules that inhibit amyloid formation contain a
catechol-like structure and studies with some polyphenols
(resveratrol, curcumin, EGCG) indicate covalent binding may
not be necessary (Sato et al., 2013; Tu et al., 2015). Amyloidogenic
proteins have an abundance of aromatic residues and m-m
stacking is considered to play a crucial role in protein self-
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FIGURE 2 | Examples of the molecular structure of polyphenolic compounds that have been studied for antidiabetic activity.
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assembly. hA contains three aromatic residues: Phel5, Phe23, and
Tyr37 (Cooper et al,, 1989). Phenol rings can interact with the
benzene rings of aromatic residues via m-m stacking; however,
they have a different stacking mechanism that prevents fibril
formation (Porat et al., 2006). Additional structures are needed to
form stabilizing interactions, such as hydrophobic interactions,

hydrogen bonding, m-cation interactions between aromatic and
cationic (Lys or Arg) sidechains, carbon-hydrogen bonding, van
der Waals, alkyl, and n-alkyl interactions (Mo et al., 2016; Franko
et al,, 2018). EGCG (Mo et al., 2016) and resveratrol (Jiang et al.,
2011) are proposed to inhibit hA amyloid formation by
interfering with aromatic stacking.
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Hydrophobic Core

Even for compounds that interact with hA via covalent adducts or
n-n stacking, hydrophobic interactions play a large role in
stabilizing the interaction of the polyphenol to the hA peptide.
Another postulated mechanism of polyphenol-peptide binding is
that multiple polyphenol molecules form a hydrophobic core to
which hA peptides bind, forming off-pathway complexes
stabilized by nt- n stacking, as well as hydrogen bonds between
the hydroxyl groups and the peptide side chains or backbones
(Nedumpully-Govindan et al., 2016).

Antioxidant Activity

Polyphenols are renowned for their antioxidant activity and
ability to protect cells from oxidative stress. Several studies
indicate that this may contribute to the antidiabetic effects of
polyphenolic compounds. Mechanisms of action underlying this
activity include ROS scavenging, reducing lipid peroxidation,
increasing antioxidant enzyme activity, inhibiting the mitogen-
activated protein kinase (MAPK)/JNK pathway that mediates
apoptosis in B-cells (Iftikhar et al., 2020), and chelating metal
ions. Polyphenols can also protect against oxidative damage by
inhibiting inflammation, mitochondrial dysfunction, and ER
stress (discussed in later sections).

Resveratrol has been reported to decrease levels of oxidative
stress markers such as TSC2 nitration and 8-
hydroxydeoxyguanosine (Lee et al, 2012; Hernandez et al,
2018), and preserve P-cell mass in db/db mice (Lee et al,
2012). In NA-STZ-induced diabetic rats, resveratrol decreased
levels of lipid peroxides, hydroperoxides and protein carbonyls in
both plasma and pancreatic tissue (Palsamy and Subramanian,
2010). In the plasma, resveratrol increased the levels antioxidants
vitamin C, vitamin E, glutathione and ceruloplasmin. In the
pancreas, activities of the antioxidant enzymes superoxide
dismutase (SOD), catalase, glutathione peroxidase (GPx) and
glutathione S-transferase (GST) were increased. Imaging of the
pancreas showed that resveratrol had a P-cell protective effect.

EGCG and quercetin both lower lipid peroxidation in STZ-
rats and rescue SOD activity (Coskun et al., 2005; Roghani and
Baluchnejadmojarad, 2010; Eitah et al,, 2019). Quercetin also
reduced the STZ-induced increase in serum nitric oxide levels,
rescued GPx and catalase activities, and protected p-cells from
degeneration (Coskun et al., 2005). Similarly, quercetin recovered
the activities of SOD, catalase, GST, and sulthydryl levels in
alloxan-induced diabetic mice (Alam et al., 2014). Quercetin
treatment can also decrease levels of cholesterol-induced ROS,
superoxide radicals and lipid peroxidation, and prevent
cholesterol-induced deceases in SOD and GPx activity
(Carrasco-Pozo et al., 2016).

In STZ-rats, rutin decreased levels of ROS (Tian et al., 2016)
and lipid peroxidation (Kamalakkannan and Prince, 2006),
increased activities of SOD, GPx, catalase and GST (Tian
et al, 2016), increased plasma levels of antioxidants
(Kamalakkannan and Prince, 2006), and preserved islet
function (Kamalakkannan and Prince, 2006). Rutin can
suppress high-glucose-stimulated NOX-4 expression, ROS
production, and nod-like receptor protein 3 (NLRP3), caspase-
1 and IL-1f protein levels (Wang et al., 2017). It also attenuated

Antidiabetic Activities of Polyphenols

lipoteichoic acid-induced ROS generation and MAPK activation,
decreased cyclooxygenase-2 protein levels, and increased SOD,
catalase and GPx protein expression (Gutierrez-Venegas et al.,
2020).

Likewise, CPP extract reduced ROS and lipid peroxidation in
rats with alloxan-induced diabetes, and increased the activities of
catalase, SOD and GPx (Iftikhar et al., 2020). It also decreased
MAPK-8/JNK-1 phosphorylation and JNK pathway activation in
the B-cells of these rats.

In the liver and plasma of rats with alloxan-induced diabetes,
curcumin reduced lipid peroxidation, elevated the concentration
of glutathione and increased the activity of GPx, possibly by
reducing the level of glucose flux into the polyol pathway (Arun
and Nalini, 2002). Curcumin and its analogues induced the
expression of antioxidant enzymes heme oxygenase 1, the
regulatory subunit of y-glutamyl-cysteine ligase, and NAD(P)
H:quinone oxidoreductase 1 in human islets and increased the
glutathione content (Balamurugan et al, 2009). Curcumin
attenuated a HFD-induced decrease in level of transcription
nuclear factor erythroid-2-related factor-2, which regulates the
expression of several antioxidant enzymes, and its downstream
target heme oxygenase 1 in skeletal muscle (He et al., 2012). It also
decreased lipid peroxidation in the serum and skeletal muscle of
HFD-fed mice (He et al., 2012), and in the erythrocytes and liver
of db/db mice (Seo et al., 2008).

Metal ions also play a role in the generation of ROS by
participating in redox reactions. The catechol moiety present
on many polyphenols is known for its ability to chelate metal ions
such as Fe** and Cu®", thus decreasing ROS generation and lipid
peroxidation (Perron and Brumaghim, 2009). Quercetin, rutin,
catechin, EGCG, curcumin, baicalein, myricetin and others have
all demonstrated this property (Afanas’ev et al., 1989; Perron and
Brumaghim, 2009).

The antioxidant activity of polyphenols alone cannot explain
their protective effect against amyloid-induced cytotoxicity.
Resveratrol and catechin together have a synergistic effect
against amyloid-p-induced cytotoxicity, whereas no synergy
was observed against hydrogen peroxide-induced cytotoxicity
(Conte et al., 2003). The antioxidant activity of a compound
does not correlate well to its ability to protect against amyloid-
B-induced cytotoxicity, although it can modulate it (Wang et al.,
2001).

It should be noted that p-cell preservation in STZ- or
alloxan-treated animals following polyphenol treatment may
be related to the specific mechanism of cytotoxicity caused by
these compounds, which is inhibited by antioxidant activity
(Chakravarthy etal., 1981; Vessal et al., 2003). Generally, STZ
and alloxan-treated animals better recapitulate the
pathogenesis of TIDM than T2DM diabetes, although
oxidative stress and inflammatory cytokines are also a
feature of T2DM.

Anti-Inflammatory Activity

Another potential component of the antidiabetic effect of
polyphenols is their apparent ability to modulate inflammation.
Polyphenols have been reported to prevent cytokine-induced
cellular damage, decrease levels of pro-inflammatory cytokines,
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increase levels of anti-inflammatory cytokines, and inhibit nuclear
factor k B (NFxB), the major transcription factor that promotes
inflammation (Baker et al., 2011).

EGCG inhibits cytokine-induced (IL-1{, IFN-y or TNF-a) cell
death in isolated mouse islet cells (Song et al., 2003), RIN-m5F
insulinoma cells (Han, 2003; Zhang et al., 2011), and cultured
human islets (Fu et al., 2011). This may be achieved by inhibiting
the NFxB pathway and expression of inducible nitric oxide
synthase (iNOS) (Han, 2003), and caspase-3 activity (Fu et al.,
2011). Intraperitoneal treatment of STZ-treated mice with EGCG
protected mice from diabetes by inhibiting iINOS expression
(Song et al, 2003). EGCG prevented cytokine-induced
generation of ROS, restored insulin secretion, and preserved
mitochondrial function in RIN-m5F cells (Zhang et al,, 2011).

Both rutin and quercetin lowered renal levels of inflammatory
cytokines IL-1p, IL-6, IL-18 and TNF-a in fructose-fed rats, likely
mediated by the associated decrease in NLRP3 inflammasome
activation (Hu et al., 2012). Likewise, EGCG can inhibit caspase-1
activation, and IL-1p and IL-18 secretion by blocking NLRP3
inflammasome activation in macrophages (Zhang et al., 2021). In
NOD mice, EGCG increased plasma levels of the anti-
inflammatory cytokine IL-10 (Fu et al,, 2011), and resveratrol
treatment altered the gene expression and trafficking of immune
cells (Lee et al,, 2011). In human primary adipocytes, resveratrol
attenuated inflammation induced by conjugated linoleic acid, as
evidenced by decreased extracellular signal-regulated kinase
(ERK)1/2 activation, expression of cytokines (IL-6, IL-8, and
IL-1p) and other inflammation-related proteins, ROS and
intracellular Ca** (Kennedy et al., 2009).

In human trials, resveratrol supplementation reduced serum
ALP and IL-6, and downregulated the expression of several pro-
inflammatory genes in peripheral blood mononuclear cells in
patients with T2DM (Tome-Carneiro et al., 2013). In another
study, resveratrol treatment in obese subjects led to lower plasma
leukocyte, TNF-a and IL-6 levels (although the latter was
borderline) (Timmers et al., 2011). Skeletal muscle expression
of genes involved in inflammation and cytokine signaling were
also downregulated. Both resveratrol and EGCG lowered
C-reactive protein levels in clinical studies (Bo et al., 2016;
Hadi et al., 2020).

Some polyphenols mediate their anti-inflammatory effect by
modulating the NF«B pathway. EGCG prevented TNF-a-induced
expression of IL-8 by inhibiting IkB kinase (IKK) activity,
degradation of Ik-Ba, and thus NFxB activation (Chen et al,
2002). In HFD-rats treated with STZ, kaempferol treatment
reduced protein expression of the NFkB p65 subunit, decreased
phosphorylation of IKKa and IKKp, and attenuated serum levels of
TNF-a and IL-6 (Luo et al., 2015). Resveratrol prevented activation
of NFkB by inflammatory agents and inhibited downstream gene
expression and apoptosis by blocking phosphorylation of NFkB
p65 and translocation of NFkB into the nucleus (Manna et al,
2000). Quercetin also blocked cholesterol-induced translocation of
NF«kB and decreased levels of IL-1B, TNF-a, IFN-p, and
granulocyte-macrophage  colony-stimulating  factor  levels
(Carrasco-Pozo et al,, 2016). In STZ-rats, rutin decreased the
levels of NFkB, IKKa, phosphorylated IKKa, IL-6 and TNF-a
(Tian et al., 2016).

Antidiabetic Activities of Polyphenols

Inflammation can cause insulin resistance through Ser
phosphorylation of insulin receptor substrate (IRS)-1, which
inhibits signaling (Mayer and Belsham, 2010).
Quercetin can reverse palmitate-induced inflammation and
insulin resistance by inhibiting ROS production, disruption of
mitochondrial membrane potential, activation of NFkB, IL-6 and
TNF-a production, and Ser phosphorylation of IRS-1, thus
restoring insulin-induced Tyr phosphorylation of IRS-1 and
insulin signaling (Guo et al.,, 2013). Quercetin, as well as rutin,
also reduced Ser phosphorylation and increased Tyr
phosphorylation of IRS-1 in the kidneys of fructose-fed rats
(Hu et al,, 2012). Phosphorylation of Akt and ERK1/2 were
also increased. Likewise, treatment with kaempferol increased
IRS-1 protein levels and decreased Ser phosphorylation in the
liver of diabetic rats (Luo et al., 2015).

ER Stress

Some polyphenols have also demonstrated an ability to protect
against cytotoxicity by modulating ER stress. Dietary supplement
of EGCG preserved islet structure in db/db mice, which was
linked to reduced expression of several genes associated with ER
stress (Ortsater et al.,, 2012). ECGC also protected MING6 cells
against palmitate-induced cytotoxicity by reducing the induction
of ER stress-related gene expression (Ortsater et al., 2012).

In HFD-fed mice, both pomegranate extract and green tea
extract prevented HFD-induced elevation of binding
immunoglobulin protein (BiP), the spliced and unspliced
forms of X-box binding protein 1, and activation of
transcription factor 4, markers of the unfolded protein
response, in skeletal muscle (Rodriguez et al., 2015).

In diabetic rats induced by STZ and a high-fat, high-
carbohydrate diet, 16 weeks of treatment with grape seed
proanthocyanidin extract decreased the expression of ER
stress marker C/EBP homologous protein (CHOP), and the
activities of JNK and caspase-12 in skeletal muscle (Ding, Dai,
et al,, 2013). In the pancreas, the extract reduced dilatation of
the ER, the activity of JNK and protein levels of BiP, CHOP and
caspase-12 (Ding, Zhang, et al., 2013). This was associated with
decreased P-cell death and amelioration of pancreatic damage
and dysfunction.

insulin

Protective Effect in Mitochondria

Some polyphenols have demonstrated a protective effect in
mitochondria, in turn preventing cellular dysfunction and
apoptosis. Much of the research on this mechanism has been
performed with resveratrol.

Mammalian target of rapamycin complex 1 (MTORCI), an
inhibitor of autophagy, is excessively activated in INS1E B-cells
that overexpress hA (Hernandez et al., 2018). These cells have an
increased number of fissioned mitochondria and defective
mitophagy. Resveratrol blocked MTORCI activation by
inhibiting nitration of TSC2, a marker of oxidative stress that
activates MTORCI.

AMP-activated protein kinase (AMPK), sirtuin 1 (SIRT1)
and peroxisome proliferator-activated receptor gamma
coactivator la (PGC-la) regulate mitochondrial biogenesis.
Resveratrol supplementation in subjects with T2DM led to an
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increase in SIRT1 protein expression in skeletal muscle, as well
as an increase in resting metabolic rate (Goh et al., 2014).
Another study found that resveratrol increased AMPK
phosphorylation, and SIRT1 and PGC-1la protein levels, and
citrate synthase activity in skeletal muscle, suggesting improved
mitochondrial function (Timmers et al, 2011). However,
resveratrol is not a direct activator of SIRT1, and increased
expression of SIRT1 is likely due to indirect effects (Pacholec
et al., 2010). A study in AMPK-deficient mice revealed that
resveratrol’s beneficial effects on glucose tolerance, insulin
sensitivity, ROS reduction and mitochondrial biogenesis is
dependent on AMPK (Um et al, 2010). Resveratrol-
stimulated transcription of PGC-1a was dependent on AMPK
but not SIRT1 (Um et al., 2010).

Quercetin also increased pancreatic gene expression of SIRT-
1 and PGC-1a in the pancreas (Carrasco-Pozo et al.,, 2016). It
also increased basal, maximal, and ATP-linked oxygen
consumption rates, and increased the reserve capacity of
mitochondria. Quercetin treatment protected MIN-6 cells
from cholesterol-induced decreases in ATP levels, oxygen
consumption and mitochondrial membrane potential, and
inhibited cytochrome c release (Carrasco-Pozo et al.,, 2016).
In db/db mice, curcumin supplementation increased hepatic
AMPK expression but did not alter SIRT1 or PGC-1a levels,
although protein activity was not measured (Jimenez-Flores
et al.,, 2014). Genistein and EGCG have also been shown to
activate AMPK (Hwang et al., 2005).

Actions on the Insulin Signaling Pathway

and Insulin-Like Effects

As described above, some polyphenols have been shown to
normalize inflammation-induced perturbations in the insulin
signaling pathway. Beyond this, polyphenols may have other
effects, such as increasing insulin secretion, signaling and
insulin-like effects on glucose uptake and production.

Several polyphenols are reported to increase glucose-
stimulated insulin secretion (GSIS), including epicatechin
(Hii and Howell, 1984), quercetin (Hii and Howell, 1985;
Youl et al, 2010; Lee et al, 2021), genistein (Liu et al,
2006), oleuropein (Wu et al., 2017), and curcumin (Best
et al., 2007). However, their reported mechanism of action
varies. Epicatechin and quercetin may augment GSIS by
suppressing Ca®" efflux and increasing Ca** uptake (Hii and
Howell, 1985; Youl et al, 2010), or by inhibiting cAMP
phosphodiesterase (PDE) (Beretz et al., 1978). The effect of
genistein was mediated by intracellular accumulation of cAMP
due to adenylyl cyclase activity, rather than inhibition of PDE
(Liu et al., 2006). Oleuropein stimulated GSIS by activation of
the ERK/MAPK pathway (Wu et al., 2017), and curcumin by
activation of the volume-regulated anion channel and CI”
efflux (Best et al, 2007). Not all polyphenols stimulate
insulin release. In fact, chrysin and naringenin can inhibit
insulin secretion (Hii and Howell, 1985), while there is
conflicting evidence as to whether resveratrol is an insulin
secretagogue or inhibits secretion (Chen et al., 2007; Szkudelski
and Szkudelska, 2011).
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Some polyphenols are reported to upregulate components of
the insulin signaling pathway. Pancreatic expression of Ins-1,
ngn-3 and PDX1, were increased by CPP extract in rats with
alloxan-induced diabetes, while IRS-1 expression was increased
in the liver (Iftikhar et al., 2020). Resveratrol supplementation in
T2DM patients increased the ratio of phosphorylated Akt to
unphosphorylated Akt in platelets (Brasnyo et al, 2011).
Curcumin decreased plasma levels of GSK-3p, overexpression
of which is associated with insulin resistance, in subjects at risk of
developing T2DM (Thota et al., 2020).

Polyphenols may be able to increase glucose uptake in
various tissues. Green tea supplementation increased the
number of insulin binding sites (Wu, Juan, Ho, et al., 2004)
and glucose uptake (Wu, Juan, Ho, et al., 2004) in rat adipocytes,
and glucose transporter (GLUT)-4 protein levels in the
adipocytes of mice fed a high fructose diet (Wu, Juan,
Hwang, et al., 2004). Quercetin increased GLUT-4 expression
in the adipose tissue, skeletal muscle, and serum of mice with
alloxan-induced diabetes (Alam et al.,, 2014). Resveratrol
increased phosphorylated Akt and GLUT-4 protein
expression in the skeletal muscle of STZ-treated rats (Chi
et al, 2007). In C,C;, myotube cells, resveratrol increased
glucose uptake, which was blocked by PI3K inhibition,
suggesting resveratrol increases GLUT-4 expression and
glucose uptake by skeletal muscle via a PI3K-Akt pathway-
dependent mechanism (Chi et al., 2007).

The ability of polyphenols to upregulate GLUT-4 may also be
via activation of AMPK. Resveratrol (Penumathsa et al., 2008; Do
et al., 2012; Goh et al., 2014) and curcumin (Na et al., 2011) have
been shown to activate AMPK with a concomitant increase in
GLUT-4 levels or translocation to the cell membrane. Curcumin
also inhibited pyruvate dehydrogenase kinase 4 expression and
phosphorylation of glycogen synthase in skeletal muscle,
suggesting increased glucose oxidation and glycogen synthesis
(Na et al, 2011).

Evidence suggests that several polyphenols can inhibit hepatic
glucose production by reducing gluconeogenic enzyme activity
and upregulating glycolytic enzyme activity. EGCG inhibits
hepatic glucose production (Waltner-Law et al, 2002) and
expression of gluconeogenic enzymes phosphoenolpyruvate
carboxykinase (PEPCK) (Waltner-Law et al, 2002; Koyama
et al, 2004; Wolfram et al., 2006), glucose 6-phosphatase
(G6Pase) (Waltner-Law et al., 2002; Koyama et al., 2004;
Wolfram et al., 2006) and fructose-1,6-bisphosphatase 1
(FBPase) (Wolfram et al.,, 2006) in H4IIE cells. Conversely, it
upregulated  expression of the glycolytic  enzyme
phosphofructokinase and GLUT-1 (Wolfram et al, 2006).
Similarly, resveratrol decreased hepatic G6Pase and PEPCK
activity, and increased glucokinase activity and pyruvate kinase
expression (Do et al., 2012). Curcumin supplementation in db/db
mice elevated hepatic glucokinase activity and lowered G6Pase
and PEPCK activity (Seo et al., 2008). Quercetin reduced G6Pase
and FBPase activity in liver, kidney, and skeletal muscle (Alam
et al.,, 2014). Quercetin also increased hepatic hexokinase activity
in alloxan-induced diabetic mice (Alam et al., 2014) and STZ rats
(Vessal et al., 2003). Likewise, CPP extract decreased G6Pase and
FBPase activity, and restored the activities of G6P dehydrogenase
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and hexokinase in alloxan-treated rats (Iftikhar et al., 2020). In
STZ-rats, kaempferol demonstrated the ability to reduce hepatic
glucose production and pyruvate carboxylase activity, and
increase glucokinase activity and glycogen storage (Alkhalidy
et al., 2018).

Taken together, available evidence suggests that some
polyphenols may augment GSIS, upregulate the insulin signaling
pathway, increase glucose uptake and utilization, and reduce
endogenous glucose production, which may partly explain their
reported blood glucose-lowering and glucose tolerance-enhancing
effects. Some of these effects may also be explained by improved
B-cell survival and function rather than a direct metabolic effect.

Lipid Levels and Metabolism

High circulating levels of FFA are known to increase insulin
resistance. FFA are metabolized through B-oxidation to produce
acetyl-CoA and ATP, or to make other metabolites such as
diacylglycerides and ceramides, which are suggested to
decrease insulin  sensitivity =~ (Corcoran al., 2007).
Supplementation with several polyphenols has been shown to
lower circulating levels of FFA, triglycerides and/or cholesterol in
diabetic animal models or human subjects, including EGCG
(Wolfram et al, 2006; Roghani and Baluchnejadmojarad,
2010), resveratrol (Timmers et al., 2011; Do et al, 2012),
quercetin (Vessal et al., 2003; Carrasco-Pozo et al., 2016; Eitah
et al., 2019), kaempferol (Luo et al., 2015), curcumin (Seo et al.,
2008; Na et al., 2011), and oleuropein (Lockyer et al., 2017; Araki
et al., 2019).

This lipid-lowering effect of polyphenols may be due to
alteration of the expression and activity of enzymes involved
in lipid uptake and metabolism. EGCG downregulated several
genes involved in lipid metabolism in rat H4IIE hepatoma cells,
and in db/db mice it increased expression of acyl-CoA oxidase 1
and carnitine palmitoyl transferase (CPT)-1p in liver and adipose
tissue (Wolfram et al., 2006).

Curcuminoid treatment in patients with T2DM increased
serum lipoprotein lipase (LPL) activity (Na et al., 2013). Since
LPL converts triglycerides into FFA, it was suggested that
curcuminoids increase uptake and utilization of FFA in tissues.
In L6 myotubes, curcumin increased CD36 and CPT-1
expression, and phosphorylation of acetyl-CoA carboxylase,
suggesting that curcumin lowers FFA levels by increasing
uptake and P-oxidation in skeletal muscle (Na et al, 2011).
This effect was mediated by activation of AMPK. Likewise, in
db/db mice, curcumin elevated LPL activity in skeletal muscle
(Seo et al., 2008). This was also associated with a reduction of the
elevated levels of hepatic -oxidation and lipid-regulating enzyme
activity in db/db mice, including fatty acid synthase, CPT, HMG-
CoA reductase, and acyl-CoA: cholesterol acyltransferase.

et

Summary

The pleiotropic effects of many polyphenols may be useful in
combatting T2DM, especially considering its equivocal etiology,
multiple dysfunctional cellular pathways, and uncertainty over
which are causes and which are consequences of the disease.
Polyphenol treatment could have pancreatic and extra-
pancreatic effects. Inhibition of amyloid formation, antioxidant,
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anti-inflammatory, mitochondrial and ER-stress protective effects
could preserve B-cells, while anti-inflammatory, serum lipid
lowering, and insulin-like effects (particularly on liver enzyme
activity) could improve whole-body insulin sensitivity and help
ameliorate hyperglycemia.

AREAS FOR FURTHER RESEARCH

Bioavailability and Metabolism

The bioavailability and metabolism of polyphenols should be
considered in future studies. Many available studies have shown
an effect after oral administration in animal models, but clinical
studies have provided variable results, which could be due to dose,
methodology or differences in bioavailability or metabolism.

Some polyphenols are bioavailable in their native form. ECGC is
found in plasma in free form following oral administration, albeit at
low concentrations (Andreu-Fernandez et al., 2020). Resveratrol can
be absorbed in its native state but can also undergo considerable
microbial metabolism before absorption (Bode et al., 2013). However,
some polyphenols are largely metabolized before absorption. Rutin is
metabolized by microbiota before the metabolites are absorbed in
both humans and rodents (Baba et al.,, 1981; Baba et al., 1983).

There is significant interspecies variation in the metabolism of
xenobiotics. For example, resveratrol and dihydroresveratrol in
human subjects after oral administration have been observed at
higher plasma levels than those obtained in mice given considerably
higher doses (Timmers et al., 2011). Furthermore, interindividual
differences in the metabolism and absorption of compounds may
underlie clinical variability. The level of bioavailability of resveratrol
between individuals is inconsistent. Microbial metabolism between
individuals can vary greatly, which may explain the conflicting
results from human trials (Bode et al., 2013; Poulsen et al., 2013).
Substantial variability in absorption and stability of polyphenols can
also occur due to the fed/fasted state of subjects and whether it is
ingested with other nutrients (Andreu-Fernandez et al., 2020).

The bioactivity of most metabolites of polyphenolic
compounds is poorly understood. The plasma level of free,
unconjugated quercetin following rutin supplementation is
reported to be low (Erlund et al., 2000). Despite this, an
antidiabetic effect has been reported following oral rutin
administration in vivo, raising the question of whether one
or more metabolites are responsible (Aitken et al., 2017).

So far, there has been little published research on the activities of
metabolites and their link to the clinical efficacy of the parent
compound. Bioavailability and metabolism should be considered
in the design of future intervention studies (Manach et al., 2005). An
avenue for further research may be to design drugs based on
polyphenolic structures that may be more stable or targeted in
the body, or with novel delivery systems, to improve absorption and
efficacy.

Inhibition of Amylin Aggregation at Lipid

Membranes
The inhibitory effects of polyphenols on hA aggregation are often
studied in vitro in aqueous solutions; however, this does not
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accurately recapitulate the lipid membrane environment in
which hA aggregates physiologically. Studies utilizing a
variety of membrane-mimetic model systems have
demonstrated that lipid membranes containing an anionic
charge accelerate fibril formation (Knight et al, 2006;
Sasahara et al, 2010; Christensen and Schiott, 2019).
However, few studies have reported on the ability of
polyphenols to inhibit hA aggregation in such an
environment, with results only for EGCG and resveratrol
reported to our knowledge. EGCG had greatly reduced
efficacy (~50%) in inhibiting fibril formation and lost its
ability to disaggregate pre-formed fibrils in the presence of a
phospholipid membrane (Engel et al, 2012). By contrast,
resveratrol inhibited hA aggregation even in the presence of
lipids (Evers et al, 2009; Mishra et al, 2009). Further
investigation into whether other polyphenols retain their
inhibitory effect on amyloid formation in a lipid membrane
environment would be valuable.

Potential as a Multi-Target Therapeutic

The pathogenesis of T2DM may overlap with that in other
diseases, in particular Alzheimer’s disease which has been
suggested to be a third type of diabetes (Steen et al., 2005).
This opens the possibility that polyphenols, especially with their
pleiotropic effects, may be an effective treatment for several
diseases. Many polyphenols act as general amyloid inhibitors
and are effective against amyloid-p (Alzheimer’s disease),
a-synuclein (Parkinson’s disease) and prion proteins (Porat
et al., 2006).

The antioxidant and anti-inflammatory activities of
polyphenols have non-disease specific, beneficial effects that
may be especially useful for those diseases with a complicated
and varied etiology like T2DM. Research into the use of
polyphenols in the treatment or prevention of cancer,
Alzheimer’s disease, Parkinson’s disease, cardiovascular
disease, hypertension, and other conditions is ongoing
(Khursheed et al., 2020). Additionally, with their well-
tolerated safety profile there is the possibility for use of
polyphenolic compounds as a preventative as well as
therapeutic treatment.

Methodology

Future studies should carefully consider the methodologies
they use. As discussed, ThT fluorescence should not be used as
the sole method to measure inhibition of hA aggregation by
compounds due to the possibility of competitive binding
(Daval et al, 2010). Circular dichroism, atomic force
microscopy or other methods should be utilized to verify
results. High resolution nuclear magnetic resonance or mass
spectrometry techniques could be used to probe the specific
interaction of compounds with hA, which could provide vital
insights into the binding mechanism and facilitate rational
drug design based on polyphenolic compounds. For in vivo
studies, the appropriateness of the animal model used must
also be considered, as many models recapitulate part of but not
the entirety of T2DM. Many commonly used models, such as
STZ or alloxan-induced diabetic animals, are more
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reminiscent of TIDM than T2DM. Few studies utilize
transgenic mice that express the human variant of
amylin which forms amyloid (Aitken et al., 2017), and are
thereby unable to measure the effectiveness of the
compound against amyloid formation that evidence suggests
is involved in T2DM pathogenesis. Similarly, the use of cell
lines that overexpress hA in in vitro studies, rather than
applying exogenous hA to cells, may be more
physiologically relevant.

CONCLUSION AND PERSPECTIVES

For decades, T2DM was considered as predominantly a
disease caused by insulin resistance and therapies focused
on lowering blood glucose levels. However, in recent years
there has been a paradigm shift, from a glucose-centric to a
B-cell-centric view of T2DM (Saisho, 2020). This evolution
recognizes that T2DM occurs only when f-cell function has
failed. The etiology underlying this process is unclear;
however, evidence suggests that cytotoxic hA oligomers,
oxidative stress, inflammation, ER stress and mitochondrial
dysfunction all play their part, even if a single causative
mechanism (if there is indeed one) is yet to be determined.
Therefore, agents that target multiple pathways may lead to
better therapeutic outcomes.

In this regard, polyphenols are promising candidates with
their ability to inhibit amyloid formation (Porat et al., 2006).
As hA oligomers have been shown to contribute to oxidative
stress (Zraika et al., 2009), inflammation (Masters et al., 2010;
Zhang et al.,, 2011), ER stress (Casas et al., 2007; Casas et al.,
2008) and mitochondrial dysfunction (Li et al., 2011) in
addition to being directly cytotoxic themselves (Kayed
et al, 2003; Zhang et al, 2008), they are a major
therapeutic  target with a  multi-pronged effect.
Additionally, polyphenols have more direct effects on
reducing oxidative stress and inflammation, as well as
modulating other cellular pathways with beneficial
metabolic effects. Thus, polyphenols may have beneficial
effects on both P-cell survival and whole-body insulin
sensitivity.

Both scientists and the public have shown strong interest in
polyphenols, their potential health benefits, and their use as
treatments for a multitude of diseases, especially surrounding
EGCG, resveratrol, and curcumin. However, hopes for a new
effective therapeutic treatment based on the findings summarized
here have yet to come to fruition. Clinical trials have shown some
encouraging but controversial results. The greatest challenge
appears to be achieving a consistent therapeutic effect.

The current impasse may be due to incomplete understanding
of the molecular basis of polyphenol action, alongside the
complexity of multifactorial diseases such as T2DM. Further
research could usefully focus on the following: 1) the
bioavailability of compounds in humans and establishing a
therapeutic dose range; 2) the identity and activity of
metabolites; 3) consideration of methodology for in vitro
studies and in vivo trials and ensuring that clinical trials
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examine appropriate parameters; 4) design of compounds or
delivery systems with greater stability and improved and
reproducible efficacy.

Natural polyphenols remain an active area of research for
many diseases (Khursheed et al., 2020). Improved compounds
and robust study designs will enable greater understanding of
how to utilize these interesting, multifunctional compounds.

AUTHOR CONTRIBUTIONS

TN wrote the article, GC revised the article and contributed
discussions on the content.

REFERENCES

Abedini, A., Plesner, A., Cao, P., Ridgway, Z., Zhang, J., Tu, L.-H,, et al. (2016).
Time-resolved Studies Define the Nature of Toxic IAPP Intermediates,
Providing Insight for Anti-amyloidosis Therapeutics. Elife 5, €12977.
doi:10.7554/eLife.12977

Afanas’ev, I. B., Dcrozhko, A. L, Brodskii, A. V., Kostyuk, V. A, and
Potapovitch, A. I (1989). Chelating and Free Radical Scavenging
Mechanisms of Inhibitory Action of Rutin and Quercetin in Lipid
Peroxidation. Biochem. Pharmacol. 38 (11), 1763-1769. doi:10.1016/
0006-2952(89)90410-3

Aitken, J. F., Loomes, K. M., Riba-Garcia, I., Unwin, R. D,, Prijic, G., Phillips, A. S.,
et al. (2017). Rutin Suppresses Human-amylin/hIAPP Misfolding and
Oligomer Formation In-Vitro, and Ameliorates Diabetes and its Impacts in
Human-amylin/hIAPP Transgenic Mice. Biochem. Biophys. Res. Commun. 482
(4), 625-631. doi:10.1016/j.bbrc.2016.11.083

Akaishi, T., Morimoto, T., Shibao, M., Watanabe, S., Sakai-Kato, K., Utsunomiya-
Tate, N., et al. (2008). Structural Requirements for the Flavonoid Fisetin in
Inhibiting Fibril Formation of Amyloid Beta Protein. Neurosci. Lett. 444 (3),
280-285. doi:10.1016/j.neulet.2008.08.052

Alam, M. M., Meerza, D., and Naseem, 1. (2014). Protective Effect of Quercetin on
Hyperglycemia, Oxidative Stress and DNA Damage in Alloxan Induced Type 2
Diabetic Mice. Life Sci. 109 (1), 8-14. doi:10.1016/j.1fs.2014.06.005

Alkhalidy, H., Moore, W., Wang, Y., Luo, J., McMillan, R. P., Zhen, W,, et al.
(2018). The Flavonoid Kaempferol Ameliorates Streptozotocin-Induced
Diabetes by Suppressing Hepatic Glucose Production. Molecules 23 (9),
2338. doi:10.3390/molecules23092338

Andreu-Fernandez, V., Almeida Toledano, L., Pizarro, N., Navarro-Tapia, E.,
Gomez-Roig, M. D., de la Torre, R, et al. (2020). Bioavailability of
Epigallocatechin Gallate Administered with Different Nutritional Strategies
in Healthy Volunteers. Antioxidants (Basel) 9 (5), 440. doi:10.3390/
antiox9050440

Araki, R, Fujie, K, Yuine, N., Watabe, Y., Nakata, Y., Suzuki, H., et al. (2019). Olive
Leaf tea Is Beneficial for Lipid Metabolism in Adults with Prediabetes: an
Exploratory Randomized Controlled Trial. Nutr. Res. 67, 60-66. doi:10.1016/
jnutres.2019.05.003

Arun, N,, and Nalini, N. (2002). Efficacy of Turmeric on Blood Sugar and Polyol
Pathway in Diabetic Albino Rats. Plant Foods Hum. Nutr. 57 (1), 41-52.
doi:10.1023/a:1013106527829

Ashcroft, F. M., and Rorsman, P. (2012). Diabetes Mellitus and the  Cell: the Last
Ten Years. Cell 148 (6), 1160-1171. doi:10.1016/j.cell.2012.02.010

Baba, S., Furuta, T., Fujioka, M., and Goromaru, T. (1983). Studies on Drug
Metabolism by Use of Isotopes XX VII: Urinary Metabolites of Rutin in Rats and
the Role of Intestinal Microflora in the Metabolism of Rutin. J. Pharm. Sci. 72
(10), 1155-1158. doi:10.1002/jps.2600721011

Baba, S., Furuta, T., Horie, M., and Nakagawa, H. (1981). Studies on Drug
Metabolism by Use of Isotopes XXVI: Determination of Urinary
Metabolites of Rutin in Humans. J. Pharm. Sci. 70 (7), 780-782.
doi:10.1002/jps.2600700717

Antidiabetic Activities of Polyphenols

FUNDING

Our research programme has been funded by the Ministry for
Business, Innovation and Employment, New Zealand Government.
Funding identification: CONT-57362-ENDRP-UOA UOAX1809
for research programme entitled Optimized disease-modifying
therapy for type-2 diabetes.

ACKNOWLEDGMENTS

We thank Cynthia Tse for her help in reviewing the manuscript
and providing administrative assistance.

Baker, R. G., Hayden, M. S., and Ghosh, S. (2011). NF-kB, Inflammation, and
Metabolic Disease. Cell Metab 13 (1), 11-22. doi:10.1016/j.cmet.2010.12.008

Balamurugan, A. N., Akhov, L., Selvaraj, G., and Pugazhenthi, S. (2009). Induction
of Antioxidant Enzymes by Curcumin and its Analogues in Human Islets:
Implications in Transplantation. Pancreas 38 (4), 454-460. doi:10.1097/
MPA.0b013e318196c3e7

Beretz, A., Anton, R., and Stoclet, J. C. (1978). Flavonoid Compounds Are Potent
Inhibitors of Cyclic AMP Phosphodiesterase. Experientia 34 (8), 1054-1055.
doi:10.1007/BF01915343

Best, L., Elliott, A. C., and Brown, P. D. (2007). Curcumin Induces Electrical
Activity in Rat Pancreatic $-cells by Activating the Volume-Regulated Anion
channelCurcumin Induces Electrical Activity in Rat Pancreatic Beta-Cells by
Activating the Volume-Regulated Anion Channel. Biochem. Pharmacol. 73
(11), 1768-1775. doi:10.1016/j.bcp.2007.02.006

Bo, S., Ponzo, V., Ciccone, G., Evangelista, A., Saba, F., Goitre, I, et al. (2016). Six
Months of Resveratrol Supplementation Has No Measurable Effect in Type 2
Diabetic Patients. A Randomized, Double Blind, Placebo-Controlled Trial.
Pharmacol. Res. 111, 896-905. doi:10.1016/j.phrs.2016.08.010

Bode, L. M., Bunzel, D., Huch, M., Cho, G. S., Ruhland, D., Bunzel, M., et al.
(2013). In Vivo and In Vitro Metabolism of Trans-resveratrol by Human
Gut Microbiota. Am. J. Clin. Nutr. 97 (2), 295-309. doi:10.3945/
ajcn.112.049379

Bone, A. ], Hii, C. S., Brown, D., Smith, W., and Howell, S. L. (1985). Assessment of
the Antidiabetic Activity of Epicatechin in Streptozotocin-Diabetic and
Spontaneously Diabetic BB/E Rats. Biosci. Rep. 5 (3), 215-221. doi:10.1007/
BF01119590

Borchi, E., Bargelli, V., Guidotti, V., Berti, A., Stefani, M., Nediani, C,, et al. (2013).
Mild Exposure of RIN-5F p-cells to Human Islet Amyloid Polypeptide
Aggregates Upregulates Antioxidant Enzymes via NADPH Oxidase-RAGE:
an Hormetic Stimulus. Redox Biol. 2, 114-122. doi:10.1016/j.redox.2013.12.005

Brasnyo, P., Molnar, G. A., Mohas, M., Marké, L., Laczy, B., Cseh, J., et al. (2011).
Resveratrol Improves Insulin Sensitivity, Reduces Oxidative Stress and
Activates the Akt Pathway in Type 2 Diabetic Patients. Br. J. Nutr. 106 (3),
383-389. doi:10.1017/S0007114511000316

Brown, A. L, Lane, J., Coverly, J., Stocks, J., Jackson, S., Stephen, A., et al. (2009).
Effects of Dietary Supplementation with the green tea Polyphenol
Epigallocatechin-3-Gallate on Insulin Resistance and Associated Metabolic
Risk Factors: Randomized Controlled Trial. Br. J. Nutr. 101 (6), 886-894.
doi:10.1017/S0007114508047727

Cao, P., and Raleigh, D. P. (2012). Analysis of the Inhibition and Remodeling of
Islet Amyloid Polypeptide Amyloid Fibers by Flavanols. Biochemistry 51 (13),
2670-2683. doi:10.1021/bi2015162

Carrasco-Pozo, C,, Tan, K. N., Reyes-Farias, M., De La Jara, N., Ngo, S. T., Garcia-
Diaz, D. F,, et al. (2016). The Deleterious Effect of Cholesterol and protection by
Quercetin on Mitochondrial Bioenergetics of Pancreatic p-cells, Glycemic
Control and Inflammation: In Vitro and In Vivo Studies. Redox Biol. 9,
229-243. doi:10.1016/j.redox.2016.08.007

Casas, S., Gomis, R., Gribble, F. M., Altirriba, J., Knuutila, S., and Novials, A.
(2007). Impairment of the Ubiquitin-Proteasome Pathway Is a Downstream
Endoplasmic Reticulum Stress Response Induced by Extracellular Human Islet

Frontiers in Pharmacology | www.frontiersin.org

21

December 2021 | Volume 12 | Article 798329


https://doi.org/10.7554/eLife.12977
https://doi.org/10.1016/0006-2952(89)90410-3
https://doi.org/10.1016/0006-2952(89)90410-3
https://doi.org/10.1016/j.bbrc.2016.11.083
https://doi.org/10.1016/j.neulet.2008.08.052
https://doi.org/10.1016/j.lfs.2014.06.005
https://doi.org/10.3390/molecules23092338
https://doi.org/10.3390/antiox9050440
https://doi.org/10.3390/antiox9050440
https://doi.org/10.1016/j.nutres.2019.05.003
https://doi.org/10.1016/j.nutres.2019.05.003
https://doi.org/10.1023/a:1013106527829
https://doi.org/10.1016/j.cell.2012.02.010
https://doi.org/10.1002/jps.2600721011
https://doi.org/10.1002/jps.2600700717
https://doi.org/10.1016/j.cmet.2010.12.008
https://doi.org/10.1097/MPA.0b013e318196c3e7
https://doi.org/10.1097/MPA.0b013e318196c3e7
https://doi.org/10.1007/BF01915343
https://doi.org/10.1016/j.bcp.2007.02.006
https://doi.org/10.1016/j.phrs.2016.08.010
https://doi.org/10.3945/ajcn.112.049379
https://doi.org/10.3945/ajcn.112.049379
https://doi.org/10.1007/BF01119590
https://doi.org/10.1007/BF01119590
https://doi.org/10.1016/j.redox.2013.12.005
https://doi.org/10.1017/S0007114511000316
https://doi.org/10.1017/S0007114508047727
https://doi.org/10.1021/bi2015162
https://doi.org/10.1016/j.redox.2016.08.007
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Nie and Cooper

Amyloid Polypeptide and Contributes to Pancreatic Beta-Cell Apoptosis.
Diabetes 56 (9), 2284-2294. doi:10.2337/db07-0178

Casas, S., Novials, A., Reimann, F., Gomis, R., and Gribble, F. M. (2008). Calcium
Elevation in Mouse Pancreatic Beta Cells Evoked by Extracellular Human Islet
Amyloid Polypeptide Involves Activation of the Mechanosensitive Ion Channel
TRPV4. Diabetologia 51 (12), 2252-2262. do0i:10.1007/s00125-008-1111-z

Chaari, A. (2020). Inhibition of Human Islet Amyloid Polypeptide Aggregation
and Cellular Toxicity by Oleuropein and Derivatives from Olive Oil. Int. J. Biol.
Macromolecules 162, 284-300. doi:10.1016/j.ijbiomac.2020.06.170

Chakravarthy, B. K., Gupta, S., Gambhir, S. S., and Gode, K. D. (1981). The
Prophylactic Action of (-)-epicatechin against Alloxan Induced Diabetes in
Rats. Life Sci. 29 (20), 2043-2047. doi:10.1016/0024-3205(81)90660-3

Chakravarthy, B. K., Gupta, S., and Gode, K. D. (1982). Functional Beta Cell
Regeneration in the Islets of Pancreas in Alloxan Induced Diabetic Rats by
(-)-epicatechin. Life Sci. 31 (24), 2693-2697. doi:10.1016/0024-3205(82)
90713-5

Chen, P. C., Wheeler, D. S., Malhotra, V., Odoms, K., Denenberg, A. G., and Wong,
H. R. (2002). A green tea-derived Polyphenol, Epigallocatechin-3-Gallate,
Inhibits IkappaB Kinase Activation and IL-8 Gene Expression in
Respiratory Epithelium. Inflammation 26 (5), 233-241. doi:10.1023/a:
1019718718977

Chen, S, Liu, Y., Zhou, Y., He, L., and Ouyang, J. (2020). Mechanism Study on the
Abnormal Accumulation and Deposition of Islet Amyloid Polypeptide by Cold-
spray lonization Mass Spectrometry. Analyst 145 (22), 7289-7296. doi:10.1039/
d0an01034k

Chen, W.L.,Ma, S. T., Chen, Y. W, Chao, Y. C., Chan, A. C., Tu, L. H,, et al. (2020).
A Fluorogenic Molecule for Probing Islet Amyloid Using Flavonoid as a
Scaffold  Design.  Biochemistry 59  (15), 1482-1492. doi:10.1021/
acs.biochem.0c00076

Chen, W. P, Chi, T. C,, Chuang, L. M., and Su, M. J. (2007). Resveratrol Enhances
Insulin Secretion by Blocking K(ATP) and K(V) Channels of Beta Cells. Eur.
J. Pharmacol. 568 (1-3), 269-277. doi:10.1016/j.ejphar.2007.04.062

Chi, T.-C,, Chen, W.-P., Chi, T.-L., Kuo, T.-F,, Lee, S.-S., Cheng, J.-T., et al. (2007).
Phosphatidylinositol-3-kinase Is Involved in the Antihyperglycemic Effect
Induced by Resveratrol in Streptozotocin-Induced Diabetic Rats. Life Sci. 80
(18), 1713-1720. doi:10.1016/j.15.2007.02.002

Christensen, M., and Schiett, B. (2019). Revealing a Dual Role of Ganglioside
Lipids in the Aggregation of Membrane-Associated Islet Amyloid Polypeptide.
J. Membr. Biol. 252 (4-5), 343-356. doi:10.1007/s00232-019-00074-5

Chuengsamarn, S., Rattanamongkolgul, S., Luechapudiporn, R., Phisalaphong, C.,
and Jirawatnotai, S. (2012). Curcumin Extract for Prevention of Type 2
Diabetes. Diabetes Care 35 (11), 2121-2127. doi:10.2337/dc12-0116

Clark, A., Lewis, C. E., Willis, A. C., Cooper, G. J. S., Morris, J. F., Reid, K. B. M.,
et al. (1987). Islet Amyloid Formed from Diabetes-Associated Peptide May Be
Pathogenic in Type-2 Diabetes. The Lancet 330 (8553), 231-234. doi:10.1016/
S0140-6736(87)90825-7

Conte, A., Pellegrini, S., and Tagliazucchi, D. (2003). Synergistic protection of
PC12 Cells from Beta-Amyloid Toxicity by Resveratrol and Catechin. Brain
Res. Bull. 62 (1), 29-38. doi:10.1016/j.brainresbull.2003.08.001

Cooper, G. J., Willis, A. C,, Clark, A., Turner, R. C,, Sim, R. B,, and Reid, K. B.
(1987). Purification and Characterization of a Peptide from Amyloid-Rich
Pancreases of Type 2 Diabetic Patients. Proc. Natl. Acad. Sci. U S A. 84 (23),
8628-8632. doi:10.1073/pnas.84.23.8628

Cooper, G. J. S., Day, A. J., Willis, A. C., Roberts, A. N., Reid, K. B. M., and
Leighton, B. (1989). Amylin and the Amylin Gene: Structure, Function and
Relationship to Islet Amyloid and to Diabetes Mellitus. Biochim. Biophys. Acta
(Bba) - Mol. Cel Res. 1014 (3), 247-258. doi:10.1016/0167-4889(89)90220-6

Corcoran, M. P., Lamon-Fava, S., and Fielding, R. A. (2007). Skeletal Muscle Lipid
Deposition and Insulin Resistance: Effect of Dietary Fatty Acids and Exercise.
Am. J. Clin. Nutr. 85 (3), 662-677. doi:10.1093/ajcn/85.3.662

Coskun, O., Kanter, M., Korkmaz, A., and Oter, S. (2005). Quercetin, a Flavonoid
Antioxidant, Prevents and Protects Streptozotocin-Induced Oxidative Stress
and Beta-Cell Damage in Rat Pancreas. Pharmacol. Res. 51 (2), 117-123.
doi:10.1016/j.phrs.2004.06.002

Daval, M., Bedrood, S., Gurlo, T., Huang, C. J., Costes, S., Butler, P. C,, et al.
(2010). The Effect of Curcumin on Human Islet Amyloid Polypeptide
Misfolding and Toxicity. Amyloid 17 (3-4), 118-128. doi:10.3109/
13506129.2010.530008

Antidiabetic Activities of Polyphenols

de Bock, M, Derraik, J. G., Brennan, C. M., Biggs, J. B., Morgan, P. E., Hodgkinson,
S. C,, et al. (2013). Olive (Olea Europaea L.) Leaf Polyphenols Improve Insulin
Sensitivity in Middle-Aged Overweight Men: a Randomized, Placebo-
Controlled, Crossover Trial. PLoS One 8 (3), e57622. doi:10.1371/
journal.pone.0057622

Ding, Y., Dai, X, Jiang, Y., Zhang, Z., Bao, L., Li, Y., et al. (2013). Grape Seed
Proanthocyanidin Extracts Alleviate Oxidative Stress and ER Stress in Skeletal
Muscle of Low-Dose Streptozotocin- and High-Carbohydrate/high-Fat Diet-
Induced Diabetic Rats. Mol Nutr. Food Res. 57 (2), 365-369. do0i:10.1002/
mnfr.201200463

Ding, Y., Zhang, Z., Dai, X, Jiang, Y., Bao, L., Li, Y., et al. (2013). Grape Seed
Proanthocyanidins Ameliorate Pancreatic Beta-Cell Dysfunction and Death in
Low-Dose Streptozotocin- and High-Carbohydrate/high-Fat Diet-Induced
Diabetic Rats Partially by Regulating Endoplasmic Reticulum Stress. Nutr.
Metab. (Lond) 10, 51. doi:10.1186/1743-7075-10-51

Do, G. M., Jung, U. J., Park, H. J., Kwon, E. Y., Jeon, S. M., McGregor, R. A,, et al.
(2012). Resveratrol Ameliorates Diabetes-Related Metabolic Changes via
Activation of AMP-Activated Protein Kinase and its Downstream Targets in
Db/db Mice. Mol. Nutr. Food Res. 56 (8), 1282-1291. doi:10.1002/
mnfr.201200067

Eitah, H. E., Maklad, Y. A., Abdelkader, N. F., Gamal El Din, A. A., Badawi, M. A,,
and Kenawy, S. A. (2019). Modulating Impacts of Quercetin/sitagliptin
Combination on Streptozotocin-Induced Diabetes Mellitus in Rats. Toxicol.
Appl. Pharmacol. 365, 30-40. doi:10.1016/j.taap.2018.12.011

Engel, M. F. M., vandenAkker, C. C., Schleeger, M., Velikov, K. P., Koenderink, G.
H., and Bonn, M. (2012). The Polyphenol EGCG Inhibits Amyloid Formation
Less Efficiently at Phospholipid Interfaces Than in Bulk Solution. J. Am. Chem.
Soc. 134 (36), 14781-14788. doi:10.1021/ja3031664

Erlund, I, Kosonen, T., Alfthan, G., Mienpi4, J., Perttunen, K., Kenraali, J., et al.
(2000). Pharmacokinetics of Quercetin from Quercetin Aglycone and Rutin in
Healthy Volunteers. Eur. J. Clin. Pharmacol. 56 (8), 545-553. doi:10.1007/
5002280000197

Evers, F., Jeworrek, C., Tiemeyer, S., Weise, K., Sellin, D., Paulus, M., et al. (2009).
Elucidating the Mechanism of Lipid Membrane-Induced IAPP Fibrillogenesis
and its Inhibition by the Red Wine Compound Resveratrol: a Synchrotron
X-ray Reflectivity Study. J. Am. Chem. Soc. 131 (27), 9516-9521. doi:10.1021/
ja8097417

Franko, A., Rodriguez Camargo, D. C., Béddrich, A., Garg, D., Rodriguez Camargo,
A., Rathkolb, B., et al. (2018). Epigallocatechin Gallate (EGCG) Reduces the
Intensity of Pancreatic Amyloid Fibrils in Human Islet Amyloid Polypeptide
(hIAPP) Transgenic Mice. Sci. Rep. 8 (1), 1116. doi:10.1038/s41598-017-
18807-8

Fu, Z., Zhen, W., Yuskavage, J., and Liu, D. (2011). Epigallocatechin Gallate Delays
the Onset of Type 1 Diabetes in Spontaneous Non-obese Diabetic Mice. Br.
J. Nutr. 105 (8), 1218-1225. doi:10.1017/S0007114510004824

Gazit, E. (2002). A Possible Role for Pi-Stacking in the Self-Assembly of Amyloid
Fibrils. FASEB J. 16 (1), 77-83. doi:10.1096/fj.01-0442hyp

Goh, K. P,, Lee, H. Y., Lau, D. P., Supaat, W., Chan, Y. H., and Koh, A. F. (2014).
Effects of Resveratrol in Patients with Type 2 Diabetes Mellitus on Skeletal
Muscle SIRT1 Expression and Energy Expenditure. Int. J. Sport Nutr. Exerc.
Metab. 24 (1), 2-13. doi:10.1123/ijsnem.2013-0045

Guo, X. D,, Zhang, D. Y., Gao, X. |, Parry, J,, Liu, K,, Liu, B. L, et al. (2013).
Quercetin  and  Quercetin-3-O-Glucuronide Are Equally Effective
Ameliorating Endothelial Insulin Resistance through Inhibition of Reactive
Oxygen Species-Associated Inflammation. Mol. Nutr. Food Res. 57 (6),
1037-1045. doi:10.1002/mnfr.201200569

Gutiérrez-Venegas, G., Fernandez-Rojas, B., Rosas-Martinez, M., and Sdnchez-
Carba, M. A. (2020). Rutin Prevents LTA Induced Oxidative Changes in
H9c2 Cells. Prev. Nutr. Food Sci. 25 (2), 203-211. doi:10.3746/
pnf.2020.25.2.203

Hadi, S., Alipour, M., Aghamohammadi, V., Shahemi, S., Ghafouri-Taleghani, F.,
Pourjavidi, N., et al. (2019). Improvement in Fasting Blood Sugar,
Anthropometric Measurement and Hs-CRP after Consumption of
Epigallocatechin-3-Gallate (EGCG) in Patients with Type 2 Diabetes
Mellitus. Nutr. Food Sci. 50 (2), 348-359. doi:10.1108/NFS-04-2019-0126

Han, M.-K. (2003). Epigallocatechin Gallate, a Constituent of green tea, Suppresses
Cytokine-Induced Pancreatic p-cell Damage. Exp. Mol. Med. 35 (2), 136-139.
doi:10.1038/emm.2003.19

in

Frontiers in Pharmacology | www.frontiersin.org

22

December 2021 | Volume 12 | Article 798329


https://doi.org/10.2337/db07-0178
https://doi.org/10.1007/s00125-008-1111-z
https://doi.org/10.1016/j.ijbiomac.2020.06.170
https://doi.org/10.1016/0024-3205(81)90660-3
https://doi.org/10.1016/0024-3205(82)90713-5
https://doi.org/10.1016/0024-3205(82)90713-5
https://doi.org/10.1023/a:1019718718977
https://doi.org/10.1023/a:1019718718977
https://doi.org/10.1039/d0an01034k
https://doi.org/10.1039/d0an01034k
https://doi.org/10.1021/acs.biochem.0c00076
https://doi.org/10.1021/acs.biochem.0c00076
https://doi.org/10.1016/j.ejphar.2007.04.062
https://doi.org/10.1016/j.lfs.2007.02.002
https://doi.org/10.1007/s00232-019-00074-5
https://doi.org/10.2337/dc12-0116
https://doi.org/10.1016/S0140-6736(87)90825-7
https://doi.org/10.1016/S0140-6736(87)90825-7
https://doi.org/10.1016/j.brainresbull.2003.08.001
https://doi.org/10.1073/pnas.84.23.8628
https://doi.org/10.1016/0167-4889(89)90220-6
https://doi.org/10.1093/ajcn/85.3.662
https://doi.org/10.1016/j.phrs.2004.06.002
https://doi.org/10.3109/13506129.2010.530008
https://doi.org/10.3109/13506129.2010.530008
https://doi.org/10.1371/journal.pone.0057622
https://doi.org/10.1371/journal.pone.0057622
https://doi.org/10.1002/mnfr.201200463
https://doi.org/10.1002/mnfr.201200463
https://doi.org/10.1186/1743-7075-10-51
https://doi.org/10.1002/mnfr.201200067
https://doi.org/10.1002/mnfr.201200067
https://doi.org/10.1016/j.taap.2018.12.011
https://doi.org/10.1021/ja3031664
https://doi.org/10.1007/s002280000197
https://doi.org/10.1007/s002280000197
https://doi.org/10.1021/ja8097417
https://doi.org/10.1021/ja8097417
https://doi.org/10.1038/s41598-017-18807-8
https://doi.org/10.1038/s41598-017-18807-8
https://doi.org/10.1017/S0007114510004824
https://doi.org/10.1096/fj.01-0442hyp
https://doi.org/10.1123/ijsnem.2013-0045
https://doi.org/10.1002/mnfr.201200569
https://doi.org/10.3746/pnf.2020.25.2.203
https://doi.org/10.3746/pnf.2020.25.2.203
https://doi.org/10.1108/NFS-04-2019-0126
https://doi.org/10.1038/emm.2003.19
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Nie and Cooper

He, H. J., Wang, G. Y., Gao, Y., Ling, W. H,, Yu, Z. W,, and Jin, T. R. (2012).
Curcumin Attenuates Nrf2 Signaling Defect, Oxidative Stress in Muscle and
Glucose Intolerance in High Fat Diet-Fed Mice. World J. Diabetes 3 (5), 94-104.
doi:10.4239/wjd.v3.i5.94

Hernéndez, M. G., Aguilar, A. G., Burillo, J., Oca, R. G., Manca, M. A,, Novials, A.,
etal. (2018). Pancreatic p Cells Overexpressing hIAPP Impaired Mitophagy and
Unbalanced Mitochondrial dynamicsPancreatic Beta Cells Overexpressing
hIAPP Impaired Mitophagy and Unbalanced Mitochondrial Dynamics. Cell
Death Dis 9 (5), 481. doi:10.1038/s41419-018-0533-x

Hii, C. S., and Howell, S. L. (1984). Effects of Epicatechin on Rat Islets of
Langerhans. Diabetes 33 (3), 291-296. doi:10.2337/diab.33.3.291

Hii, C. S., and Howell, S. L. (1985). Effects of Flavonoids on Insulin Secretion and
45Ca2+ Handling in Rat Islets of Langerhans. J. Endocrinol. 107 (1), 1-8.
doi:10.1677/j0e.0.1070001

Hu, Q.-H., Zhang, X, Pan, Y., Li, Y.-C,, and Kong, L.-D. (2012). Allopurinol,
Quercetin and Rutin Ameliorate Renal NLRP3 Inflammasome Activation and
Lipid Accumulation in Fructose-Fed Rats. Biochem. Pharmacol. 84 (1),
113-125. doi:10.1016/j.bcp.2012.03.005

Huong, V. T., Shimanouchi, T., Shimauchi, N., Yagi, H., Umakoshi, H., Goto, Y.,
et al. (2010). Catechol Derivatives Inhibit the Fibril Formation of Amyloid-Beta
Peptides. J. Biosci. Bioeng. 109 (6), 629-634. doi:10.1016/j.jbiosc.2009.11.010

Hwang, J. T., Park, I J,, Shin, J. I, Lee, Y. K,, Lee, S. K., Baik, H. W,, et al. (2005).
Genistein, EGCG, and Capsaicin Inhibit Adipocyte Differentiation Process via
Activating AMP-Activated Protein Kinase. Biochem. Biophys. Res. Commun.
338 (2), 694-699. doi:10.1016/j.bbrc.2005.09.195

Iftikhar, A., Aslam, B., Iftikhar, M., Majeed, W, Batool, M., Zahoor, B., et al. (2020).
Effect of Caesalpinia Bonduc Polyphenol Extract on Alloxan-Induced Diabetic
Rats in Attenuating Hyperglycemia by Upregulating Insulin Secretion and
Inhibiting JNK Signaling Pathway. Oxid Med. Cel Longev 2020, 9020219.
doi:10.1155/2020/9020219

Jiang, P., Li, W., Shea, J. E., and Mu, Y. (2011). Resveratrol Inhibits the Formation
of Multiple-Layered p-sheet Oligomers of the Human Islet Amyloid
Polypeptide Segment 22-27. Biophys. J. 100 (6), 1550-1558. doi:10.1016/
j-bpj.2011.02.010

Jiménez-Flores, L., Lpez-Briones, S., Macias-Cervantes, M., Ramirez-Emiliano, J.,
and Pérez-Vizquez, V. (2014). A PPARy, NF-Kb and AMPK-dependent
Mechanism May Be Involved in the Beneficial Effects of Curcumin in the
Diabetic Db/db Mice Liver. Molecules 19 (6), 8289-8302. doi:10.3390/
molecules19068289

Kamalakkannan, N., and Prince, P. S. (2006). Antihyperglycaemic and Antioxidant
Effect of Rutin, a Polyphenolic Flavonoid, in Streptozotocin-Induced Diabetic
Wistar Rats. Basic Clin. Pharmacol. Toxicol. 98 (1), 97-103. doi:10.1111/j.1742-
7843.2006.pto_241.x

Kao, Y. H., Hiipakka, R. A., and Liao, S. (2000). Modulation of Endocrine Systems
and Food Intake by green tea Epigallocatechin Gallate. Endocrinology 141 (3),
980-987. doi:10.1210/endo.141.3.7368

Karandish, M., Mozaffari-Khosravi, H., Mohammadi, S. M., Cheraghian, B., and
Azhdari, M. (2021). The Effect of Curcumin and Zinc Co-supplementation on
Glycemic Parameters in Overweight or Obese Prediabetic Subjects: A Phase 2
Randomized, Placebo-Controlled Trial with a Multi-Arm, Parallel-Group
Design. Phytother Res. 35 (8), 4377-4387. d0i:10.1002/ptr.7136

Kayed, R., Head, E., Thompson, J. L., McIntire, T. M., Milton, S. C., Cotman, C. W.,
et al. (2003). Common Structure of Soluble Amyloid Oligomers Implies
Common Mechanism of Pathogenesis. Science 300 (5618), 486-489.
doi:10.1126/science.1079469

Kennedy, A., Overman, A., Lapoint, K., Hopkins, R., West, T., Chuang, C. C,, et al.
(2009). Conjugated Linoleic Acid-Mediated Inflammation and Insulin
Resistance in Human Adipocytes Are Attenuated by Resveratrol. J. Lipid
Res. 50 (2), 225-232. doi:10.1194/jlr.M800258-JLR200

Khursheed, R., Singh, S. K., Wadhwa, S., Gulati, M., and Awasthi, A. (2020).
Enhancing the Potential Preclinical and Clinical Benefits of Quercetin through
Novel Drug Delivery Systems. Drug Discov. Today 25 (1), 209-222. doi:10.1016/
j.drudis.2019.11.001

Knight, J. D., Hebda, J. A., and Miranker, A. D. (2006). Conserved and Cooperative
Assembly of Membrane-Bound Alpha-Helical States of Islet Amyloid
Polypeptide. Biochemistry 45 (31), 9496-9508. d0i:10.1021/bi060579z

Koyama, Y., Abe, K., Sano, Y., Ishizaki, Y., Njelekela, M., Shoji, Y., et al.
(2004). Effects of green tea on Gene Expression of Hepatic Gluconeogenic

Antidiabetic Activities of Polyphenols

Enzymes In Vivo. Planta Med. 70 (11), 1100-1102. doi:10.1055/s-2004-
832659

Ladiwala, A. R., Bhattacharya, M., Perchiacca, J. M., Cao, P., Raleigh, D. P., Abedini,
A, et al. (2012). Rational Design of Potent Domain Antibody Inhibitors of
Amyloid Fibril Assembly. Proc. Natl. Acad. Sci. U S A. 109 (49), 19965-19970.
doi:10.1073/pnas.1208797109

Lee, D, Park, J. Y., Lee, S., and Kang, K. S. (2021). In Vitro Studies to Assess the
a-Glucosidase Inhibitory Activity and Insulin Secretion Effect of Isorhamnetin
3-O-Glucoside and Quercetin 3-O-Glucoside Isolated from Salicornia
Herbacea. Processes 9 (3), 483. doi:10.3390/pr9030483

Lee, S. M., Yang, H., Tartar, D. M., Gao, B, Luo, X,, Ye, S. Q,, et al. (2011).
Prevention and Treatment of Diabetes with Resveratrol in a Non-obese Mouse
Model of Type 1 Diabetes. Diabetologia 54 (5), 1136-1146. doi:10.1007/s00125-
011-2064-1

Lee, Y. E., Kim, ]. W, Lee, E. M., Ahn, Y. B,, Song, K. H,, Yoon, K. H,, et al. (2012).
Chronic Resveratrol Treatment Protects Pancreatic Islets against Oxidative

in Db/db Mice. PLoS One 7 (11), e50412. doi:10.1371/
journal.pone.0050412

Leighton, B., and Cooper, G. J. S. (1988). Pancreatic Amylin and Calcitonin Gene-
Related Peptide Cause Resistance to Insulin in Skeletal Muscle In Vitro. Nature
335 (6191), 632-635. doi:10.1038/335632a0

Li, X. L, Chen, T.,, Wong, Y. S., Xu, G, Fan, R. R,, Zhao, H. L., et al. (2011).
Involvement of Mitochondrial Dysfunction in Human Islet Amyloid
Polypeptide-Induced Apoptosis in INS-1E Pancreatic Beta Cells: An Effect
Attenuated by Phycocyanin. Int. J. Biochem. Cel Biol 43 (4), 525-534.
doi:10.1016/j.biocel.2010.12.008

Liu, D, Zhen, W., Yang, Z., Carter, J. D., Si, H., and Reynolds, K. A. (2006).
Genistein Acutely Stimulates Insulin Secretion in Pancreatic Beta-Cells through
a cAMP-dependent Protein Kinase Pathway. Diabetes 55 (4), 1043-1050.
doi:10.2337/diabetes.55.04.06.db05-1089

Liu, K., Zhou, R., Wang, B., Chen, K., Shi, L. Y., Zhu, J. D,, et al. (2013). Effect of
green tea on Glucose Control and Insulin Sensitivity: a Meta-Analysis of 17
Randomized Controlled Trials. Am. J. Clin. Nutr. 98 (2), 340-348. doi:10.3945/
ajcn.112.052746

Lockyer, S., Rowland, I., Spencer, J. P. E., Yaqoob, P., and Stonehouse, W. (2017).
Impact of Phenolic-Rich Olive Leaf Extract on Blood Pressure, Plasma Lipids
and Inflammatory Markers: a Randomised Controlled Trial. Eur. J. Nutr. 56 (4),
1421-1432. doi:10.1007/s00394-016-1188-y

Lopez, L. C., Varea, O., Navarro, S., Carrodeguas, J. A., Sanchez de Groot, N.,
Ventura, S., et al. (2016). Benzbromarone, Quercetin, and Folic Acid Inhibit
Amylin Aggregation. Int. J. Mol. Sci. 17 (6), 964. doi:10.3390/ijms17060964

Luo, C,, Yang, H,, Tang, C., Yao, G., Kong, L., He, H,, et al. (2015). Kaempferol
Alleviates Insulin Resistance via Hepatic IKK/NF-kB Signal in Type 2 Diabetic
Rats. Int. Immunopharmacol 28 (1), 744-750. doi:10.1016/j.intimp.2015.07.018

Manach, C., Williamson, G., Morand, C., Scalbert, A., and Rémésy, C. (2005).
Bioavailability and Bioefficacy of Polyphenols in Humans. I. Review of 97
Bioavailability Studies. Am. J. Clin. Nutr. 81 (1 Suppl. 1), 230S-242S.
doi:10.1093/ajcn/81.1.230S

Manna, S. K, Mukhopadhyay, A., and Aggarwal, B. B. (2000). Resveratrol
Suppresses TNF-Induced Activation of Nuclear Transcription Factors NF-
Kb, Activator Protein-1, and Apoptosis: Potential Role of Reactive Oxygen
Intermediates and Lipid Peroxidation. J. Immunol. 164 (12), 6509-6519.
doi:10.4049/jimmunol.164.12.6509

Masters, S. L., Dunne, A., Subramanian, S. L., Hull, R. L., Tannahill, G. M., Sharp, F.
A, et al. (2010). Activation of the NLRP3 Inflammasome by Islet Amyloid
Polypeptide Provides a Mechanism for Enhanced IL-1f in Type 2 Diabetes.
Nat. Immunol. 11 (10), 897-904. doi:10.1038/ni.1935

Mayer, C. M., and Belsham, D. D. (2010). Central Insulin Signaling Is Attenuated
by Long-Term Insulin Exposure via Insulin Receptor Substrate-1 Serine
Phosphorylation, Proteasomal Degradation, and Lysosomal Insulin Receptor
Degradation. Endocrinology 151 (1), 75-84. doi:10.1210/en.2009-0838

Mazloom, Z., Abdollahzadeh, S. M., Dabbaghmanesh, M. H., and Rezaianzadeh, A.
(2014). The Effect of Quercetin Supplementation on Oxidative Stress, Glycemic
Control, Lipid Profile and Insulin Resistance in Type 2 Diabetes: a Randomized
Clinical Trial. J. Health Sci. Surveill. Sys 2 (1), 8-14.

Meng, E., Abedini, A., Plesner, A., Verchere, C. B., and Raleigh, D. P. (2010). The
Flavanol (-)-Epigallocatechin 3-Gallate Inhibits Amyloid Formation by Islet
Amyloid Polypeptide, Disaggregates Amyloid Fibrils, and Protects Cultured

Stress

Frontiers in Pharmacology | www.frontiersin.org

23

December 2021 | Volume 12 | Article 798329


https://doi.org/10.4239/wjd.v3.i5.94
https://doi.org/10.1038/s41419-018-0533-x
https://doi.org/10.2337/diab.33.3.291
https://doi.org/10.1677/joe.0.1070001
https://doi.org/10.1016/j.bcp.2012.03.005
https://doi.org/10.1016/j.jbiosc.2009.11.010
https://doi.org/10.1016/j.bbrc.2005.09.195
https://doi.org/10.1155/2020/9020219
https://doi.org/10.1016/j.bpj.2011.02.010
https://doi.org/10.1016/j.bpj.2011.02.010
https://doi.org/10.3390/molecules19068289
https://doi.org/10.3390/molecules19068289
https://doi.org/10.1111/j.1742-7843.2006.pto_241.x
https://doi.org/10.1111/j.1742-7843.2006.pto_241.x
https://doi.org/10.1210/endo.141.3.7368
https://doi.org/10.1002/ptr.7136
https://doi.org/10.1126/science.1079469
https://doi.org/10.1194/jlr.M800258-JLR200
https://doi.org/10.1016/j.drudis.2019.11.001
https://doi.org/10.1016/j.drudis.2019.11.001
https://doi.org/10.1021/bi060579z
https://doi.org/10.1055/s-2004-832659
https://doi.org/10.1055/s-2004-832659
https://doi.org/10.1073/pnas.1208797109
https://doi.org/10.3390/pr9030483
https://doi.org/10.1007/s00125-011-2064-1
https://doi.org/10.1007/s00125-011-2064-1
https://doi.org/10.1371/journal.pone.0050412
https://doi.org/10.1371/journal.pone.0050412
https://doi.org/10.1038/335632a0
https://doi.org/10.1016/j.biocel.2010.12.008
https://doi.org/10.2337/diabetes.55.04.06.db05-1089
https://doi.org/10.3945/ajcn.112.052746
https://doi.org/10.3945/ajcn.112.052746
https://doi.org/10.1007/s00394-016-1188-y
https://doi.org/10.3390/ijms17060964
https://doi.org/10.1016/j.intimp.2015.07.018
https://doi.org/10.1093/ajcn/81.1.230S
https://doi.org/10.4049/jimmunol.164.12.6509
https://doi.org/10.1038/ni.1935
https://doi.org/10.1210/en.2009-0838
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Nie and Cooper

Cells against IAPP-Induced Toxicity. Biochemistry 49 (37), 8127-8133.
doi:10.1021/bi100939%a

Mishra, R,, Sellin, D., Radovan, D., Gohlke, A., and Winter, R. (2009). Inhibiting
Islet Amyloid Polypeptide Fibril Formation by the Red Wine Compound
Resveratrol. Chembiochem 10 (3), 445-449. doi:10.1002/cbic.200800762

Mo, Y., Lei, J., Sun, Y., Zhang, Q., and Wei, G. (2016). Conformational Ensemble of
hIAPP Dimer: Insight into the Molecular Mechanism by Which a Green Tea
Extract Inhibits hIAPP Aggregation. Sci. Rep. 6, 33076. doi:10.1038/srep33076

Na, L. X,, Li, Y, Pan, H. Z, Zhou, X. L, Sun, D. ], Meng, M,, et al. (2013).
Curcuminoids Exert Glucose-Lowering Effect in Type 2 Diabetes by Decreasing
Serum Free Fatty Acids: a Double-Blind, Placebo-Controlled Trial. Mol. Nutr.
Food Res. 57 (9), 1569-1577. doi:10.1002/mnfr.201200131

Na, L. X,, Zhang, Y. L, Li, Y, Liu, L. Y,, Li, R, Kong, T., et al. (2011). Curcumin
Improves Insulin Resistance in Skeletal Muscle of Rats. Nutr. Metab.
Cardiovasc. Dis. 21 (7), 526-533. doi:10.1016/j.numecd.2009.11.009

Nedumpully-Govindan, P., Kakinen, A., Pilkington, E. H., Davis, T. P., Chun Ke,
P., and Ding, F. (2016). Stabilizing Off-Pathway Oligomers by Polyphenol
Nanoassemblies for IAPP Aggregation Inhibition. Sci. Rep. 6, 19463.
doi:10.1038/srep19463

Nie, T., Zhang, S., Vazhoor Amarsingh, G., Liu, H., McCann, M. J., and Cooper, G.
J. S. (2019). Altered Metabolic Gene Expression in the Brain of a Triprolyl-
Human Amylin Transgenic Mouse Model of Type 2 Diabetes. Sci. Rep. 9 (1),
14588. doi:10.1038/s41598-019-51088-x

Nomoto, D., Tsunoda, T., and Shigemori, H. (2021). Effects of Clovamide and its
Related Compounds on the Aggregations of Amyloid Polypeptides. J. Nat. Med.
75 (2), 299-307. doi:10.1007/s11418-020-01467-w

Noor, H., Cao, P., and Raleigh, D. P. (2012). Morin Hydrate Inhibits Amyloid
Formation by Islet Amyloid Polypeptide and Disaggregates Amyloid Fibers.
Protein Sci. 21 (3), 373-382. d0i:10.1002/pro.2023

Ortsiter, H., Grankvist, N., Wolfram, S., Kuehn, N., and Sjéholm, A. (2012). Diet
Supplementation with green tea Extract Epigallocatechin Gallate Prevents
Progression to Glucose Intolerance in Db/db Mice. Nutr. Metab. (Lond) 9,
11. doi:10.1186/1743-7075-9-11

Ostadmohammadi, V., Milajerdi, A., Ayati, E., Kolahdooz, F., and Asemi, Z.
(2019). Effects of Quercetin Supplementation on Glycemic Control Among
Patients with Metabolic Syndrome and Related Disorders: A Systematic Review
and Meta-Analysis of Randomized Controlled Trials. Phytother Res. 33 (5),
1330-1340. doi:10.1002/ptr.6334

Pacholec, M., Bleasdale, J. E., Chrunyk, B., Cunningham, D., Flynn, D., Garofalo, R.
S., et al. (2010). SRT1720, SRT2183, SRT1460, and Resveratrol Are Not Direct
Activators of SIRT1. J. Biol. Chem. 285 (11), 8340-8351. doi:10.1074/
jbc.M109.088682

Padhi, S., Nayak, A. K., and Behera, A. (2020). Type II Diabetes Mellitus: a Review
on Recent Drug Based Therapeutics. Biomed. Pharmacother. 131, 110708.
doi:10.1016/j.biopha.2020.110708

Palsamy, P., and Subramanian, S. (2010). Ameliorative Potential of Resveratrol on
Proinflammatory Cytokines, Hyperglycemia Mediated Oxidative Stress, and
Pancreatic Beta-Cell Dysfunction in Streptozotocin-Nicotinamide-Induced
Diabetic Rats. J. Cel Physiol 224 (2), 423-432. doi:10.1002/jcp.22138

Park, Y. J., Warnock, G. L., Ao, Z., Safikhan, N., Meloche, M., Asadi, A., et al.
(2017). Dual Role of Interleukin-1p in Islet Amyloid Formation and its -cell
Toxicity: Implications for Type 2 Diabetes and Islet Transplantation. Diabetes
Obes. Metab. 19 (5), 682-694. doi:10.1111/dom.12873

Penumathsa, S. V., Thirunavukkarasu, M., Zhan, L., Maulik, G., Menon, V. P,,
Bagchi, D., et al. (2008). Resveratrol Enhances GLUT-4 Translocation to the
Caveolar Lipid Raft Fractions through AMPK/Akt/eNOS Signalling Pathway in
Diabetic Myocardium. J. Cel Mol Med 12 (6A), 2350-2361. doi:10.1111/j.1582-
4934.2008.00251.x

Perron, N. R., and Brumaghim, J. L. (2009). A Review of the Antioxidant
Mechanisms of Polyphenol Compounds Related to Iron Binding. Cell
Biochem Biophys 53 (2), 75-100. doi:10.1007/s12013-009-9043-x

Porat, Y., Abramowitz, A., and Gazit, E. (2006). Inhibition of Amyloid Fibril
Formation by Polyphenols: Structural Similarity and Aromatic Interactions as a
Common Inhibition Mechanism. Chem. Biol. Drug Des. 67 (1), 27-37.
doi:10.1111/j.1747-0285.2005.00318.x

Poulsen, M. M., Vestergaard, P. F., Clasen, B. F.,, Radko, Y., Christensen, L. P,,
Stodkilde-Jorgensen, H., et al. (2013). High-dose Resveratrol Supplementation
in Obese Men: an Investigator-Initiated, Randomized, Placebo-Controlled

Antidiabetic Activities of Polyphenols

Clinical Trial of Substrate Metabolism, Insulin Sensitivity, and Body
Composition. Diabetes 62 (4), 1186-1195. doi:10.2337/db12-0975

Radovan, D., Opitz, N., and Winter, R. (2009). Fluorescence Microscopy Studies on
Islet Amyloid Polypeptide Fibrillation at Heterogeneous and Cellular
Membrane Interfaces and its Inhibition by Resveratrol. FEBS Lett. 583 (9),
1439-1445. doi:10.1016/j.febslet.2009.03.059

Raimundo, A. F., Félix, F., Andrade, R., Garcia-Conesa, M. T., Gonzélez-
Sarrias, A., Gilsa-Lopes, J., et al. (2020). Combined Effect of Interventions
with Pure or Enriched Mixtures of (Poly)phenols and Anti-diabetic
Medication in Type 2 Diabetes Management: a Meta-Analysis of
Randomized Controlled Human Trials. Eur. J. Nutr. 59 (4), 1329-1343.
doi:10.1007/s00394-020-02189-1

Rawat, A., Langen, R., and Varkey, J. (2018). Membranes as Modulators of
Amyloid Protein Misfolding and Target of Toxicity. Biochim. Biophys.
Acta (Bba) - Biomembranes 1860, 1863-1875. doi:10.1016/
j.bbamem.2018.04.011

Rigacci, S., Guidotti, V., Bucciantini, M., Parri, M., Nediani, C., Cerbai, E., et al.
(2010). Oleuropein Aglycon Prevents Cytotoxic Amyloid Aggregation of Human
Amylin. J. Nutr. Biochem. 21 (8), 726-735. doi:10.1016/j.jnutbio.2009.04.010

Rodriguez, J., Gilson, H., Jamart, C., Naslain, D., Pierre, N., Deldicque, L., et al.
(2015). Pomegranate and green tea Extracts Protect against ER Stress Induced
by a High-Fat Diet in Skeletal Muscle of Mice. Eur. J. Nutr. 54 (3), 377-389.
doi:10.1007/s00394-014-0717-9

Roghani, M. and Baluchnejadmojarad, T. (2010). Hypoglycemic
Hypolipidemic Effect and Antioxidant Activity of Chronic Epigallocatechin-
Gallate in Streptozotocin-Diabetic Rats. Pathophysiology 17 (1), 55-59.
doi:10.1016/j.pathophys.2009.07.004

Saeedi, P., Salpea, P., Karuranga, S., Petersohn, 1., Malanda, B., Gregg, E. W., et al.
(2020). Mortality Attributable to Diabetes in 20-79 Years Old Adults, 2019
Estimates: Results from the International Diabetes Federation Diabetes Atlas,
9th Edition. Diabetes Res. Clin. Pract. 162, 108086. doi:10.1016/
j.diabres.2020.108086

Saisho, Y. (2020). An Emerging New Concept for the Management of Type 2
Diabetes with a Paradigm Shift from the Glucose-Centric to Beta Cell-Centric
Concept of Diabetes - an Asian Perspective. Expert Opin. Pharmacother. 21,
1565-1578. doi:10.1080/14656566.2020.1776262

Samdin, T. D., Kreutzer, A. G., and Nowick, J. S. (2021). Exploring Amyloid
Oligomers with Peptide Model Systems. Curr. Opin. Chem. Biol. 64, 106-115.
doi:10.1016/j.cbpa.2021.05.004

Sasahara, K., Hall, D., and Hamada, D. (2010). Effect of Lipid Type on the Binding
of Lipid Vesicles to Islet Amyloid Polypeptide Amyloid Fibrils. Biochemistry 49
(14), 3040-3048. doi:10.1021/bi9019252

Sato, M., Murakami, K., Uno, M., Nakagawa, Y., Katayama, S., Akagi, K., et al.
(2013). Site-specific Inhibitory Mechanism for Amyloid p42 Aggregation by
Catechol-type Flavonoids Targeting the Lys Residues. J. Biol. Chem. 288 (32),
23212-23224. doi:10.1074/jbc.M113.464222

Seo, K. L, Choi, M. S., Jung, U. ], Kim, H. ], Yeo, J., Jeon, S. M., et al. (2008). Effect
of Curcumin Supplementation on Blood Glucose, Plasma Insulin, and Glucose
Homeostasis Related Enzyme Activities in Diabetic Db/db Mice. Mol. Nutr.
Food Res. 52 (9), 995-1004. doi:10.1002/mnfr.200700184

Sequeira, I. R, and Poppitt, S. D. (2017). Unfolding Novel Mechanisms of
Polyphenol Flavonoids for Better Glycaemic Control: Targeting Pancreatic
Islet Amyloid Polypeptide (IAPP). Nutrients 9 (7), 788. doi:10.3390/nu9070788

Sheehan, E. W, Stiff, D. D., Duah, F., Slatkin, D. J., Schiff, P. L., Jr., and Zemaitis, M.
A. (1983). The Lack of Effectiveness of (-)-epicatechin against Alloxan Induced
Diabetes in Wistar Rats. Life Sci. 33 (7), 593-597. doi:10.1016/0024-3205(83)
90246-1

Silvestre, R. A., Peiro, E., Dégano, P., Miralles, P., and Marco, J. (1990). Inhibitory
Effect of Rat Amylin on the Insulin Responses to Glucose and Arginine in the
Perfused Rat Pancreas. Regul. Pept. 31 (1), 23-31. doi:10.1016/0167-0115(90)
90192-Y

Song, E. K., Hur, H,, and Han, M. K. (2003). Epigallocatechin Gallate Prevents
Autoimmune Diabetes Induced by Multiple Low Doses of Streptozotocin in
Mice. Arch. Pharm. Res. 26 (7), 559-563. doi:10.1007/BF02976881

Steen, E., Terry, B. M., Rivera, E. J., Cannon, J. L., Neely, T. R,, Tavares, R., et al.
(2005). Impaired Insulin and Insulin-like Growth Factor Expression and
Signaling Mechanisms in Alzheimer’s Disease-lis This Type 3 Diabetes?
J. Alzheimers Dis. 7 (1), 63-80. doi:10.3233/jad-2005-7107

and

Frontiers in Pharmacology | www.frontiersin.org

24

December 2021 | Volume 12 | Article 798329


https://doi.org/10.1021/bi100939a
https://doi.org/10.1002/cbic.200800762
https://doi.org/10.1038/srep33076
https://doi.org/10.1002/mnfr.201200131
https://doi.org/10.1016/j.numecd.2009.11.009
https://doi.org/10.1038/srep19463
https://doi.org/10.1038/s41598-019-51088-x
https://doi.org/10.1007/s11418-020-01467-w
https://doi.org/10.1002/pro.2023
https://doi.org/10.1186/1743-7075-9-11
https://doi.org/10.1002/ptr.6334
https://doi.org/10.1074/jbc.M109.088682
https://doi.org/10.1074/jbc.M109.088682
https://doi.org/10.1016/j.biopha.2020.110708
https://doi.org/10.1002/jcp.22138
https://doi.org/10.1111/dom.12873
https://doi.org/10.1111/j.1582-4934.2008.00251.x
https://doi.org/10.1111/j.1582-4934.2008.00251.x
https://doi.org/10.1007/s12013-009-9043-x
https://doi.org/10.1111/j.1747-0285.2005.00318.x
https://doi.org/10.2337/db12-0975
https://doi.org/10.1016/j.febslet.2009.03.059
https://doi.org/10.1007/s00394-020-02189-1
https://doi.org/10.1016/j.bbamem.2018.04.011
https://doi.org/10.1016/j.bbamem.2018.04.011
https://doi.org/10.1016/j.jnutbio.2009.04.010
https://doi.org/10.1007/s00394-014-0717-9
https://doi.org/10.1016/j.pathophys.2009.07.004
https://doi.org/10.1016/j.diabres.2020.108086
https://doi.org/10.1016/j.diabres.2020.108086
https://doi.org/10.1080/14656566.2020.1776262
https://doi.org/10.1016/j.cbpa.2021.05.004
https://doi.org/10.1021/bi9019252
https://doi.org/10.1074/jbc.M113.464222
https://doi.org/10.1002/mnfr.200700184
https://doi.org/10.3390/nu9070788
https://doi.org/10.1016/0024-3205(83)90246-1
https://doi.org/10.1016/0024-3205(83)90246-1
https://doi.org/10.1016/0167-0115(90)90192-Y
https://doi.org/10.1016/0167-0115(90)90192-Y
https://doi.org/10.1007/BF02976881
https://doi.org/10.3233/jad-2005-7107
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Nie and Cooper

Subramanian, S. L., Hull, R. L., Zraika, S., Aston-Mourney, K., Udayasankar, J., and
Kahn, S. E. (2012). cJUN N-Terminal Kinase (JNK) Activation Mediates Islet
Amyloid-Induced Beta Cell Apoptosis in Cultured Human Islet Amyloid
Polypeptide Transgenic Mouse Islets. Diabetologia 55 (1), 166-174.
doi:10.1007/s00125-011-2338-7

Sun, ], Jiang, G., and Shigemori, H. (2019). Inhibitory Activity on Amyloid
Aggregation of Rosmarinic Acid and its Substructures from Isodon
Japonicus. Nat. Product. Commun. 14 (5), 1934578X1984303. doi:10.1177/
1934578x19843039

Szkudelski, T., and Szkudelska, K. (2011). Anti-diabetic Effects of Resveratrol. Ann.
N. Y Acad. Sci. 1215, 34-39. doi:10.1111/j.1749-6632.2010.05844.x

Tang, Y., Zhang, D., Zhang, Y., Liu, Y., Gong, X.,, Chang, Y., et al. (2020).
Introduction and Fundamentals of Human Islet Amyloid Polypeptide
Inhibitors. ACS Appl. Bio Mater. 3 (12), 8286-8308. do0i:10.1021/
acsabm.0c01234

Templin, A. T., Mellati, M., Meier, D. T., Esser, N., Hogan, M. F., Castillo, J. J., et al.
(2020). Low Concentration IL-1B Promotes Islet Amyloid Formation by
Increasing hIAPP Release from Humanised Mouse Islets In Vitro.
Diabetologia 63, 2385-2395. doi:10.1007/s00125-020-05232-2

Thazhath, S. S., Wu, T., Bound, M. J., Checklin, H. L., Standfield, S., Jones, K. L.,
et al. (2016). Administration of Resveratrol for 5 Wk Has No Effect on
Glucagon-like Peptide 1 Secretion, Gastric Emptying, or Glycemic Control
in Type 2 Diabetes: a Randomized Controlled Trial. Am. J. Clin. Nutr. 103 (1),
66-70. doi:10.3945/ajcn.115.117440

Thota, R. N, Rosato, J. I, Dias, C. B., Burrows, T. L., Martins, R. N., and Garg, M. L.
(2020). Dietary Supplementation with Curcumin Reduce Circulating Levels of
Glycogen Synthase Kinase-3p and Islet Amyloid Polypeptide in Adults with
High Risk of Type 2 Diabetes and Alzheimer’s Disease. Nutrients 12 (4), 1032.
d0i:10.3390/nu12041032

Tian, R, Yang, W., Xue, Q., Gao, L., Huo, J., Ren, D., et al. (2016). Rutin
Ameliorates Diabetic Neuropathy by Lowering Plasma Glucose and
Decreasing Oxidative Stress via Nrf2 Signaling Pathway in Rats. Eur.
J. Pharmacol. 771, 84-92. doi:10.1016/j.ejphar.2015.12.021

Timmers, S., Konings, E., Bilet, L., Houtkooper, R. H., van de Weijer, T,
Goossens, G. H., et al. (2011). Calorie Restriction-like Effects of 30 Days of
Resveratrol Supplementation on Energy Metabolism and Metabolic Profile
in Obese Humans. Cel Metab. 14 (5), 612-622. doi:10.1016/
j.cmet.2011.10.002

Tomé-Carneiro, J., Larrosa, M., Yafnez-Gascén, M. J., Davalos, A., Gil-
Zamorano, J., Gonzélvez, M., et al. (2013). One-year Supplementation
with a Grape Extract Containing Resveratrol Modulates Inflammatory-
Related microRNAs and Cytokines Expression in Peripheral Blood
Mononuclear Cells of Type 2 Diabetes and Hypertensive Patients with
Coronary Artery Disease. Pharmacol. Res. 72, 69-82. doi:10.1016/
j.phrs.2013.03.011

Tsuneki, H., Ishizuka, M., Terasawa, M., Wu, J.-B., Sasaoka, T., and Kimura, L.
(2004). Effect of green tea on Blood Glucose Levels and Serum Proteomic
Patterns in Diabetic (Db/db) Mice and on Glucose Metabolism in Healthy
Humans. BMC Pharmacol. 4, 18. doi:10.1186/1471-2210-4-18

Tu, L.-H., Young, L. M., Wong, A. G., Ashcroft, A. E., Radford, S. E., and Raleigh,
D. P. (2015). Mutational Analysis of the Ability of Resveratrol to Inhibit
Amyloid Formation by Islet Amyloid Polypeptide: Critical Evaluation of the
Importance of Aromatic-Inhibitor and Histidine-Inhibitor Interactions.
Biochemistry 54 (3), 666-676. doi:10.1021/bi501016r

Um, J. H,, Park, S. J., Kang, H., Yang, S., Foretz, M., McBurney, M. W, et al.
(2010). AMP-activated Protein Kinase-Deficient Mice Are Resistant to the
Metabolic Effects of Resveratrol. Diabetes 59 (3), 554-563. doi:10.2337/
db09-0482

Ushikubo, H., Watanabe, S., Tanimoto, Y., Abe, K., Hiza, A., Ogawa, T., et al.
(2012). 3,3’4,5,5’-Pentahydroxyflavone Is a Potent Inhibitor of Amyloid f
Fibril Formation.  Neurosci. Lett. 513 (1), 51-56. doi:10.1016/
j.neulet.2012.02.006

Velander, P., Wu, L., Ray, W. K,, Helm, R. F., and Xu, B. (2016). Amylin Amyloid
Inhibition by Flavonoid Baicalein: Key Roles of its Vicinal Dihydroxyl Groups
of the Catechol Moiety. Biochemistry 55 (31), 4255-4258. do0i:10.1021/
acs.biochem.6b00578

Vessal, M., Hemmati, M., and Vasei, M. (2003). Antidiabetic Effects of
Quercetin in Streptozocin-Induced Diabetic Rats. Comp. Biochem.

Antidiabetic Activities of Polyphenols

Physiol. C Toxicol. Pharmacol. 135C (3), 357-364. doi:10.1016/s1532-
0456(03)00140-6

Volpe, C. M. O,, Villar-Delfino, P. H., Dos Anjos, P. M. F., and Nogueira-
Machado, J. A. (2018). Cellular Death, Reactive Oxygen Species (ROS) and
Diabetic Complications. Cel Death Dis 9 (2), 119. doi:10.1038/s41419-017-
0135-z

Wainstein, J., Ganz, T., Boaz, M., Bar Dayan, Y., Dolev, E., Kerem, Z., et al.
(2012). Olive Leaf Extract as a Hypoglycemic Agent in Both Human Diabetic
Subjects and in Rats. J. Med. Food 15 (7), 605-610. doi:10.1089/
jmf.2011.0243

Waltner-Law, M. E.,, Wang, X. L., Law, B. K, Hall, R. K., Nawano, M., and Granner,
D. K. (2002). Epigallocatechin Gallate, a Constituent of green tea, Represses
Hepatic Glucose Production. J. Biol. Chem. 277 (38), 34933-34940. doi:10.1074/
jbc.M204672200

Wang, C.-N., Chi, C.-W,, Lin, Y.-L., Chen, C.-F., and Shiao, Y.-J. (2001). The
Neuroprotective Effects of Phytoestrogens on Amyloid $ Protein-
Induced Toxicity Are Mediated by Abrogating the Activation of
Caspase Cascade in Rat Cortical NeuronsThe Neuroprotective Effects
of Phytoestrogens on Amyloid Beta Protein-Induced Toxicity Are
Mediated by Abrogating the Activation of Caspase cascade in Rat
Cortical Neurons. J. Biol. Chem. 276 (7), 5287-5295. doi:10.1074/
jbc.M006406200

Wang, W.,, Wu, Q. H,, Sui, Y., Wang, Y., and Qiu, X. (2017). Rutin Protects
Endothelial Dysfunction by Disturbing Nox4 and ROS-Sensitive NLRP3
Inflammasome.  Biomed.  Pharmacother. 86, 32-40.  doi:10.1016/
j.biopha.2016.11.134

Wei, L., Jiang, P., Xu, W,, Li, H., Zhang, H., Yan, L., et al. (2011). The Molecular
Basis of Distinct Aggregation Pathways of Islet Amyloid Polypeptide. J. Biol.
Chem. 286 (8), 6291-6300. doi:10.1074/jbc.M110.166678

Wellen, K. E., and Hotamisligil, G. S. (2005). Inflammation, Stress, and Diabetes.
J. Clin. Invest. 115 (5), 1111-1119. doi:10.1172/JCI25102

Westermark, P., Engstrom, U., Johnson, K. H., Westermark, G. T., and Betsholtz,
C. (1990). Islet Amyloid Polypeptide: Pinpointing Amino Acid Residues Linked
to Amyloid Fibril Formation. Proc. Natl. Acad. Sci. U S A. 87 (13), 5036-5040.
doi:10.1073/pnas.87.13.5036

Westwell-Roper, C. Y., Ehses, J. A, and Verchere, C. B. (2014). Resident
Macrophages Mediate Islet Amyloid Polypeptide-Induced Islet IL-1p
Production and (-Cell Dysfunction. Diabetes 63 (5), 1698-1711.
doi:10.2337/db13-0863

Wolfram, S., Raederstorff, D., Preller, M., Wang, Y., Teixeira, S. R., Riegger, C., et al.
(2006). Epigallocatechin Gallate Supplementation Alleviates Diabetes in
Rodents. J. Nutr. 136 (10), 2512-2518. doi:10.1093/jn/136.10.2512

Wong, H. Y., Hui, Q., Hao, Z., Warnock, G. L., Woo, M., Luciani, D. S., et al. (2021).
The Role of Mitochondrial Apoptotic Pathway in Islet Amyloid-Induced B-cell
deathThe Role of Mitochondrial Apoptotic Pathway in Islet Amyloid-Induced
Beta-Cell Death. Mol. Cel 537, 111424. doi:10.1016/
jmce.2021.111424

Wu, L., Velander, P., Brown, A. M., Wang, Y., Liu, D, Bevan, D. R,, et al. (2021).
Rosmarinic Acid Potently Detoxifies Amylin Amyloid and Ameliorates
Diabetic Pathology in a Transgenic Rat Model of Type 2 Diabetes. ACS
Pharmacol. Transl. Sci. 4, 1322-1337. doi:10.1021/acsptsci.1c00028

Wu, L., Velander, P., Liu, D., and Xu, B. (2017). Olive Component Oleuropein
Promotes 3-Cell Insulin Secretion and Protects p-Cells from Amylin Amyloid-
Induced Cytotoxicity. Biochemistry 56 (38), 5035-5039. do0i:10.1021/
acs.biochem.7b00199

Wu, L. Y., Juan, C. C, Ho, L. T, Hsu, Y. P., and Hwang, L. S. (2004). Effect of green
tea Supplementation on Insulin Sensitivity in Sprague-Dawley Rats. J. Agric.
Food Chem. 52 (3), 643-648. doi:10.1021/jf030365d

Wu, L. Y, Juan, C. C, Hwang, L. S., Hsu, Y. P, Ho, P. H,, and Ho, L. T. (2004).
Green tea Supplementation Ameliorates Insulin Resistance and Increases
Glucose Transporter IV Content in a Fructose-Fed Rat Model. Eur. J. Nutr.
43 (2), 116-124. doi:10.1007/s00394-004-0450-x

Youl, E., Bardy, G., Magous, R., Cros, G., Sejalon, F., Virsolvy, A., et al. (2010).
Quercetin Potentiates Insulin Secretion and Protects INS-1 Pancreatic p-cells
against Oxidative Damage via the ERK1/2 Pathway. Br. J. Pharmacol. 161 (4),
799-814. doi:10.1111/j.1476-5381.2010.00910.x

Young, A. (2005). Inhibition of Gastric Emptying. Adv. Pharmacol. 52, 99-121.
doi:10.1016/S1054-3589(05)52006-4

Endocrinol

Frontiers in Pharmacology | www.frontiersin.org

25

December 2021 | Volume 12 | Article 798329


https://doi.org/10.1007/s00125-011-2338-7
https://doi.org/10.1177/1934578x19843039
https://doi.org/10.1177/1934578x19843039
https://doi.org/10.1111/j.1749-6632.2010.05844.x
https://doi.org/10.1021/acsabm.0c01234
https://doi.org/10.1021/acsabm.0c01234
https://doi.org/10.1007/s00125-020-05232-2
https://doi.org/10.3945/ajcn.115.117440
https://doi.org/10.3390/nu12041032
https://doi.org/10.1016/j.ejphar.2015.12.021
https://doi.org/10.1016/j.cmet.2011.10.002
https://doi.org/10.1016/j.cmet.2011.10.002
https://doi.org/10.1016/j.phrs.2013.03.011
https://doi.org/10.1016/j.phrs.2013.03.011
https://doi.org/10.1186/1471-2210-4-18
https://doi.org/10.1021/bi501016r
https://doi.org/10.2337/db09-0482
https://doi.org/10.2337/db09-0482
https://doi.org/10.1016/j.neulet.2012.02.006
https://doi.org/10.1016/j.neulet.2012.02.006
https://doi.org/10.1021/acs.biochem.6b00578
https://doi.org/10.1021/acs.biochem.6b00578
https://doi.org/10.1016/s1532-0456(03)00140-6
https://doi.org/10.1016/s1532-0456(03)00140-6
https://doi.org/10.1038/s41419-017-0135-z
https://doi.org/10.1038/s41419-017-0135-z
https://doi.org/10.1089/jmf.2011.0243
https://doi.org/10.1089/jmf.2011.0243
https://doi.org/10.1074/jbc.M204672200
https://doi.org/10.1074/jbc.M204672200
https://doi.org/10.1074/jbc.M006406200
https://doi.org/10.1074/jbc.M006406200
https://doi.org/10.1016/j.biopha.2016.11.134
https://doi.org/10.1016/j.biopha.2016.11.134
https://doi.org/10.1074/jbc.M110.166678
https://doi.org/10.1172/JCI25102
https://doi.org/10.1073/pnas.87.13.5036
https://doi.org/10.2337/db13-0863
https://doi.org/10.1093/jn/136.10.2512
https://doi.org/10.1016/j.mce.2021.111424
https://doi.org/10.1016/j.mce.2021.111424
https://doi.org/10.1021/acsptsci.1c00028
https://doi.org/10.1021/acs.biochem.7b00199
https://doi.org/10.1021/acs.biochem.7b00199
https://doi.org/10.1021/jf030365d
https://doi.org/10.1007/s00394-004-0450-x
https://doi.org/10.1111/j.1476-5381.2010.00910.x
https://doi.org/10.1016/S1054-3589(05)52006-4
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Nie and Cooper

Yu, J., Song, P, Perry, R,, Penfold, C., and Cooper, A. R. (2017). The Effectiveness of
Green Tea or Green Tea Extract on Insulin Resistance and Glycemic Control in
Type 2 Diabetes Mellitus: A Meta-Analysis. Diabetes Metab. ]. 41 (4), 251-262.
doi:10.4093/dmj.2017.41.4.251

Zhang, C,, Li, X., Hu, X, Xu, Q., Zhang, Y., Liu, H,, et al. (2021). Epigallocatechin-
3-gallate Prevents Inflammation and Diabetes -Induced Glucose
Tolerance through Inhibition of NLRP3 Inflammasome Activation. Int.
Immunopharmacol 93, 107412. doi:10.1016/j.intimp.2021.107412

Zhang, S., Liu, H., Yu, H., and Cooper, G. J. (2008). Fas-associated Death Receptor
Signaling Evoked by Human Amylin in Islet Beta-Cells. Diabetes 57 (2),
348-356. doi:10.2337/db07-0849

Zhang, S., Liu, J., Dragunow, M., and Cooper, G. J. (2003). Fibrillogenic Amylin
Evokes Islet Beta-Cell Apoptosis through Linked Activation of a Caspase cascade
and JNK1. J. Biol. Chem. 278 (52), 52810-52819. doi:10.1074/jbc.M308244200

Zhang, Z., Ding, Y., Dai, X., Wang, J., and Li, Y. (2011). Epigallocatechin-3-gallate
Protects Pro-inflammatory Cytokine Induced Injuries in Insulin-Producing
Cells through the Mitochondrial Pathway. Eur. J. Pharmacol. 670 (1), 311-316.
doi:10.1016/j.jphar.2011.08.033

Zheng, X., Ren, W., Zhang, S., Liu, J,, Li, S., Li, J., et al. (2010). Serum Levels of
Proamylin and Amylin in normal Subjects and Patients with Impaired Glucose
Regulation and Type 2 Diabetes Mellitus. Acta Diabetol. 47 (3), 265-270.
doi:10.1007/500592-010-0201-9

Zheng, X. X,, Xu, Y. L, Li, S. H,, Hui, R, Wu, Y. J,, and Huang, X. H. (2013). Effects
of green tea Catechins with or without Caffeine on Glycemic Control in Adults:

Antidiabetic Activities of Polyphenols

a Meta-Analysis of Randomized Controlled Trials. Am. J. Clin. Nutr. 97 (4),
750-762. doi:10.3945/ajcn.111.032573

Zraika, S., Hull, R. L., Udayasankar, J., Aston-Mourney, K., Subramanian, S.
L., Kisilevsky, R., et al. (2009). Oxidative Stress Is Induced by Islet
Amyloid Formation and Time-Dependently Mediates Amyloid-Induced
Beta Cell Apoptosis. Diabetologia 52 (4), 626-635. doi:10.1007/s00125-
008-1255-x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Nie and Cooper. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

26

December 2021 | Volume 12 | Article 798329


https://doi.org/10.4093/dmj.2017.41.4.251
https://doi.org/10.1016/j.intimp.2021.107412
https://doi.org/10.2337/db07-0849
https://doi.org/10.1074/jbc.M308244200
https://doi.org/10.1016/j.ejphar.2011.08.033
https://doi.org/10.1007/s00592-010-0201-9
https://doi.org/10.3945/ajcn.111.032573
https://doi.org/10.1007/s00125-008-1255-x
https://doi.org/10.1007/s00125-008-1255-x
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Nie and Cooper

GLOSSARY

AIF apoptosis-inducing factor

AMPK AMP-activated protein kinase
BiP binding immunoglobulin protein
CHOP C/EBP homologous protein
CPP caesalpinia bonduc

CPT carnitine palmitoyl transferase
EGCG epigallocatechin gallate

ER endoplasmic reticalum

ERK extracellular signal-regulated kinase
FBPase fructose-1,6-bisphosphatase
FFA free fatty acids

G6Pase glucose 6-phosphatase

GLUT glucose transporter

GPx glutathione peroxidase

GSIS glucose-stimulated insulin secretion
GSK-3p glycogen synthase kinase-3p
GST glutathione S-transferase

hA human amylin

HbA1c hemoglobin Alc

HFD high fat diet

HOMA-IR homeostatic model assessment of insulin resistance
IFN-y interferon y

IKK IxB kinase

IL interleukin

iNOS inducible nitric oxide synthase

IRS-1 insulin receptor substrate

Antidiabetic Activities of Polyphenols

JAK2 janus kinase 2

JNK c-Jun N-terminal kinase

LKB1 liver kinase Bl

LPL lipoprotein lipase

MAPK mitogen-activated protein kinase

MTORCI1 mammalian target of rapamycin complex 1
NA nicotinamide

NFkB nuclear factor k B

NLRP3 nod-like receptor protein 3

NOD non-obese diabetic

NOX NADPH oxidase

PDE cAMP phosphodiesterase

PDX1 pancreatic and duodenal homeobox 1
PEPCK phosphoenolpyruvate carboxykinase
PGC-1a peroxisome proliferator-activated receptor gamma coactivator la
PI3K phosphoinositide 3-kinase

PKA protein kinase A

RAGE receptor for advanced glycation end-products
ROS reactive oxygen species

SIRT1 sirtuin 1

SOD superoxide dismutase

STATS3 signal transducer and activator of transcription 3
STZ streptozotocin

T2DM type 2 diabetes mellitus
ThT thioflavin T

TNF-a tumor necrosis factor o

TRPV4 transient receptor potential cation channel subfamily V member 4
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