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Abstract: Insulin resistance (IR) is apparent when tissues responsible for clearing glucose from the
blood, such as adipose and muscle, do not respond properly to appropriate signals. IR is estimated
based on fasting blood glucose and insulin, but some measures also incorporate an oral glucose
challenge. Certain (poly)phenols, as supplements or in foods, can improve insulin resistance by
several mechanisms including lowering postprandial glucose, modulating glucose transport, affecting
insulin signalling pathways, and by protecting against damage to insulin-secreting pancreatic (3-cells.
As shown by intervention studies on volunteers, the most promising candidates for improving insulin
resistance are (—)-epicatechin, (—)-epicatechin-containing foods and anthocyanins. It is possible
that quercetin and phenolic acids may also be active, but data from intervention studies are mixed.
Longer term and especially dose-response studies on mildly insulin resistant participants are required
to establish the extent to which (poly)phenols and (poly)phenol-rich foods may improve insulin
resistance in compromised groups.
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1. Insulin Resistance

1.1. Characteristics of Insulin Resistance

Insulin resistance (IR) is a deceptively complex condition characterised by impaired insulin
responsiveness in target tissues, causing the {3-cells in the pancreas to continue to produce extra
insulin, leading to eventual malfunction through oxidative stress. The lack of response of tissues to
insulin results in a state of transient and unpredictable hyperglycaemia and hyperinsulinemia, together
with an inflammatory signature that predisposes an individual to metabolic syndrome and type 2
diabetes (t2D) [1,2]. IR is a hallmark of obesity and of a sedentary lifestyle, driven by excess energy
consumption, lack of exercise and certain genetic factors [3]. There is a complex interplay between
several physiological processes that conspire together to facilitate development of IR, including an
unbalance in lipid metabolism [4], dysbiosis [5,6], chronic inflammation, and misfiring of intracellular
signalling pathways [7]. However, deciphering what is ‘cause’ of IR and what is ‘effect” has proven
much more difficult and conflicting opinions exist [4,8]. IR often precedes t2D, and the two conditions
are inter-related. The course of t2D development is mainly characterized by declining {3-cell function
and worsening of IR [9].

In healthy individuals, the release of insulin from pancreatic (3-cells drives cellular glucose uptake
from the bloodstream into tissues via relocation of the glucose transporter solute carrier family 2,
facilitated glucose transporter member 4, SLC2A4 (GLUT4) to the cell surface. This action removes
elevated postprandial glucose from the blood, a normal process after eating carbohydrate. However,
excess insulin production caused by a habitual high glycaemic index diet leads to elevated binding to
the insulin receptor, driving fatty acid synthesis in addition to the normal glucose uptake. All of these
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actions are dependent on a cascade of phosphorylation events, resulting in the activation of two
pathways in particular: the phosphoinositide 3-kinase (PI3K) pathway and the mitogen activated
protein (MAP) kinase pathway [10]. Dysregulation of the protein kinase B (akt) pathway most
dramatically affects IR and can occur in adipose, liver and skeletal muscle, the three main tissue types
that contribute to the phenomenon of IR. Obesity often leads to decreased akt activity by complex
multifactorial mechanisms, which are incompletely understood [8]. However, decreased akt activity
results in reduced GLUT4-medjiated glucose uptake within adipose tissue and skeletal muscle [11].

1.2. Measurement of Insulin Resistance

Estimation of IR has been the subject of many publications and there are many models and opinions
on the subject, which are beyond the scope of this review. The gold standard to which other methods
are compared is the glucose or insulin clamp techniques [12], but these are time consuming, expensive,
technically demanding and not practical for most hospitals, labs or other organisations. There are
several less difficult ways to estimate IR, using various permutations of blood glucose and insulin
concentrations, either fasting or after an oral glucose tolerance test (OGTT). One of the most commonly
used is the homeostasis model assessment (HOMA) of insulin resistance (HOMA-IR), requiring
only fasting blood glucose and insulin measurement. It is often applied to large epidemiological
studies as only these two values are required [13], and a subsequent modification is HOMA-f (also
called HOMAZ2) using a modified equation but the same input parameters [14]. An alternative is
the quantitative insulin sensitivity check index, abbreviated to QUICK]I, illustrating the quality of
scientific humour; this also only requires fasting plasma glucose and insulin concentrations [15].
The Matsuda index is one of the estimations that is derived from the fasting glucose and insulin
concentrations, together with their values after an OGTT [16]. The diagnosis of IR can be affected by
the method chosen, mostly based on variations in cut-off values [17]. These discrepancies demonstrate
that IR is a gradual process and a continuum, with the cut-off value defined in a somewhat arbitrary
manner. Triglycerides can also act as a surrogate marker of IR [18]. Anything that modulates one of
these indices is considered to have the potential to modify IR, but a measured improvement will not
necessarily change the diagnosis from “IR” to “non-IR”, based on the truly continuous nature of the
values. Measurement methods of IR have been reviewed and the choice of method is often determined
by practicality, cost and ease of measurement in the clinic [19]. Insulin sensitivity is effectively the
opposite of resistance; in simple terms, if low amounts of insulin are required to lower blood glucose,
then insulin sensitivity is high and insulin resistance is low. The importance of IR as a risk factor for
chronic diseases is well documented. For example, epidemiological studies have shown an association
between IR as measured by HOMA-IR and risk of cardiovascular disease [20,21].

1.3. The Role of Chronic Inflammation in Insulin Resistance

Chronic inflammation is a well-characterised link between obesity and development of
IR [2,3]. With obesity, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)-driven
pro-inflammatory cytokine secretion by adipocytes and immune cells is enhanced [22]. This leads to the
recruitment and accumulation of adipose tissue macrophages, which produce more pro-inflammatory
cytokines, including tumour necrosis factor (TNF)x and interleukin-6 (IL-6), that act as feed-forward
mechanisms to exacerbate chronic inflammation, dysfunction of adipose tissue, decreased insulin
sensitivity and IR [23-27]. The activation of inflammatory pathways has additionally been described in the
liver [28,29] and muscle [10,29,30]. TNFa-signalling can also inhibit insulin receptor substrate-1 (IRS-1),
attenuating its ability to propagate downstream insulin signalling [24]. Continuous over-consumption of
energy can also lead to increased reactive oxygen species (ROS) production with endoplasmic reticulum
stress, affecting the ability of (-cells to secrete insulin, and further attenuating inflammation and
oxidative stress [31].
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2. Factors that Affect IR

2.1. Macronutrient Intake

Long-term consumption of carbohydrate can affect IR, with significant reductions following
intake of whole grain foods [32-36] and increases in IR with a habitual high glycaemic index diet [37].
The latter mediated changes in adiposity and central fat redistribution commonly observed in subjects
with IR [38]. Concentrations of polyunsaturated fatty acids, such as n-3, have been found to be
beneficial to insulin sensitivity in obese and overweight populations in some studies [39], but a
Cochrane review found no overall significant effect of n-3 fatty acids on glycaemic control or fasting
insulin [40]. Short term high fat diets (3 days) can induce transient IR [41,42], although results from
longer time high fat diets, from 3 days to 4 weeks, were mixed and found either no change in insulin
sensitivity [43,44] or a decrease [45]. Differences were also observed between ethnicities, with high fat,
high energy diets having a greater effect in inducing IR in South Asians compared to Caucasians [46].

2.2. Lipid Metabolism

Lipid metabolism is disturbed in the IR state, partly due to the presence of increased circulating
fatty acids and/or accumulation of lipids in the muscle and the liver [4] with activation of inflammatory
pathways, inhibition of insulin receptor signalling and changes in the expression of genes that influence
insulin action [47]. Hepatic IR is caused by the accumulation of lipids within the liver, rather than
visceral fat accumulation [48,49]. Following a high fat diet or overfeeding, the accumulation of lipid
outside of adipose depots can increase hepatic gluconeogenesis and disrupt GLUT4-mediated glucose
transport in response to insulin in the muscle [4], leading to hyperglycaemia, stimulating (3-cells to
release further insulin and increase lipogenesis [8].

2.3. Gut Microbiota and Exercise

Obesity, a high-fat diet or both can lead to dysbiosis, an imbalance in the gut microbiota.
This condition leads to increased intestinal permeability, with pro-inflammatory metabolites, such as
liposaccharide (LPS) and other bioactive metabolites reaching the blood and ultimately acting on
adipose and other insulin-responsive target tissues to promote IR [6]. LPS can act on the liver to
promote triglyceride accumulation and secretion of pro-inflammatory cytokines leading to IR [6,50].
Structured mixed exercise can reduce IR [51], even in younger people [52], and reduce the risk of
developing t2D.

3. Dietary (Poly)phenols

3.1. Sources and Intake

The nomenclature of (poly)phenols is complex and guidelines have been reported [53,54].
(Poly)phenols are made by plants for a variety of functions, including protection against stress,
UV absorption and resistance to attack by pests. As a consequence, various classes of (poly)phenols
are found in the diet and consumed on a regular basis. The different classes, structures and food
sources have been extensively reported elsewhere and the reader is refereed to several comprehensive
reviews [55,56] and to the phenol-explorer database [57].

3.2. Metabolism of (Poly)phenols

The absorption, metabolism, excretion and bioavailability of (poly)phenols has been reported in
many reviews e.g., [55,58]. (Epi)catechins are absorbed in the small intestine, and reach the circulation
mostly in a conjugated form [59]. Quercetin occurs as a conjugated form in plants and foods, and the
attached sugar is removed before absorption, by lactase phloridzin hydrolase in the small intestine
or by the gut microbiota [60]. Anthocyanins and procyanidins are poorly absorbed intact, but their
catabolic breakdown products are well-absorbed [58]. Phenolic acids are absorbed, but bioavailability is
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improved by the action of the gut microbiota [61]. In general, (poly)phenols must reach their target site
in order to be active. To affect carbohydrate digestion and intestinal glucose absorption, which occur
in the gut lumen, (poly)phenols do not need to be absorbed, but to affect other sites, such as muscle,
adipose and cells, the (poly)phenol or its active catabolites must reach the circulation in order to exert
activity on the tissue.

3.3. General Epidemiology on (Poly)Phenol-Rich Foods and IR/t2D Risk

Epidemiological and human intervention studies are considered here when (poly)phenols,
or (poly)phenol-rich foods, have an effect on fasting glucose or fasting insulin, and hence affect IR.
Consumption of a ‘healthy diet” pattern, high in vegetables, fruit and wholegrains, and, therefore,
(poly)phenols, can lower t2D risk by 14% [62]. A European, multicentre, case control study found that
participants in the highest quintile of flavonoid intake, in particular flavanols and flavonols, had a 10%
lower risk of developing t2D than those in the lowest quintile [63]. A meta-analysis of prospective
studies of consumption of apples and pears, high in flavanols, found an inverse association between
intake and 2D [64]. The long-term effects of coffee consumption are convincingly linked to reductions
in t2D development [65,66] and decreases in IR [67], and a meta-analysis on epidemiological studies on
anthocyanin-rich foods concluded that a higher intake of anthocyanins improved HOMA-IR through
changes in fasting insulin [68].

3.4. Interventions Using Foods

3.4.1. Cocoa and (—)-Epicatechin

The consumption of cocoa flavanols, such as (—)-epicatechin, improves insulin sensitivity in both
healthy and hypertensive populations. When comparing white and dark chocolate consumption over
15 days, HOMA-IR was significantly lower and QUICKI was significantly higher after the latter [69,70].
In elderly subjects with mild cognitive decline, 2 months of a drink containing flavanols improved
IR [71], but consumption for 5 days in obese adults did not change fasting glucose or insulin [72].
In a systematic review and meta-analysis of randomised, controlled trials, it was concluded that
flavanol-rich cocoa consumption decreased HOMA-IR [73]. In healthy adults consuming pure
(=)-epicatechin for 1 month, HOMA-IR was improved through changes in fasting insulin with no
change in fasting glucose [74].

3.4.2. Green Tea

Green tea contains high amounts of galloylated catechins, such as (—)-epigallocatechin gallate
and (—)-epicatechin gallate. Data on green tea consumption and IR are not entirely consistent. In one
meta-analysis on green tea, there was no change in IR and glycaemic control in t2D patients [75],
whereas other meta-analyses have demonstrated improvements in fasting plasma blood glucose when
green tea is consumed for 0.5 to 2 months [76,77].

3.4.3. Anthocyanins and Berries

Although conclusions from studies on anthocyanins are mixed, in general it appears that
anthocyanins and anthocyanin-rich foods improve IR. In a systematic review of 19 randomised
controlled trials, anthocyanin supplementation improved HOMA-IR [78], and three out of six studies
showed a positive effect on glycaemic profile with consumption of berries [79]. Consumption of
blueberry extracts, rich in anthocyanins and other (poly)phenols, improved HOMA-IR in patients
with t2D but not in insulin resistant adults, and blueberry consumption improved IR in obese and
insulin-resistant adults in one study but not in two other studies (summarised in [80]). In overweight
and obese subjects, the consumption of proanthocyanidins and anthocyanins for 2 months prevented
increases in IR induced by a fructose challenge [81]. In diabetic patients, consumption of anthocyanins
for 6 months also reduced IR [82].
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3.4.4. Quercetin and Onions

The effect of quercetin or quercetin-rich foods on IR in unclear owing to a limited number of studies.
A systematic review concluded that quercetin for 2 months reduced fasting plasma glucose, but only
at high doses [83]. Supplementation with quercetin-3-O-glucoside for 1 month to prehypertensive
but otherwise healthy men showed no effect on IR [74], and supplementation with 500 mg quercetin
for 1 month did not change fasting glucose in mildly hyperuricaemic men [84]. In breast cancer
patients, yellow onions containing quercetin for 2 months resulted in a decrease in blood insulin and
QUICKI, but this did not translate to a change in HOMA-IR nor HOMA-{3 [85]. It is notable that a
systematic review on 13 animal studies concluded that quercetin dose-dependently lowered fasting
blood glucose [86].

3.4.5. Phenolic Acids and Other Phenolic Compounds

The effect of consumption of coffee containing phenolic acids on IR is controversial, with studies
reporting opposing conclusions. A trial for 8 weeks of up to 5 cups of coffee per day found no changes
in insulin or glucose markers [87]. In a systematic review including six studies, green coffee extract
lowered fasting blood glucose, but only higher doses were effective at improving HOMA-IR [88].
Phenolic compounds found in olive leaf, oleuropein and hydroxytyrosol, improved both the action of
insulin and secretion from pancreatic 3-cells following a 12-week supplementation in middle aged
overweight men [89].

3.4.6. Stilbenes and Wine

Consumption of resveratrol and wine appear to have limited effects on IR, but the results are
contradictory even in systematic reviews addressing similar criteria. Supplementation with the stilbene,
resveratrol, unique to grapes and red wine, at much concentrations higher than in the fruit or in wine,
attenuated fructose-induced oxidative stress and IR in first-degree relatives of type 2 diabetic patients
and in obese individuals [81,90]. Red wine consumption for 2 weeks improved IR in people with
t2D [91] but on the other hand there were no improvements in insulin sensitivity in obese subjects
after 8 weeks of supplementation with (poly)phenols extracted from red wine [92]. A meta-analysis
considering nine randomised intervention studies on t2D patients concluded that there was no effect
of wine on fasting glucose and insulin [93], with a similar conclusion on t2D patients reached for pure
resveratrol in one publication [94], but with a beneficial effect on HOMA-IR reported in an alternative
systematic review on resveratrol [95]. Another systematic review concluded that resveratrol did affect
fasting blood glucose levels, but only at high doses for >2.5 months [96] and in a systematic review on
grape polyphenols, there was no apparent improvement of IR [97].

3.4.7. Hesperidin and Citrus Fruits

According to systematic review including six trials, hesperidin supplementation had no effect on
fasting glucose, insulin, QUICKI nor HOMA-IR, despite positive indications from animal studies [98].

3.4.8. Pomegranate and Ellagitannins

In a systematic review, pomegranate intake did not show any improvements in glucose and
insulin metabolism in healthy or compromised individuals [99], nor in patients with t2D [100].

3.4.9. (Poly)phenols from Nuts

Nuts contain a high quantity of fats, certain types of which may contribute to improving IR.
In addition, nuts contain (poly)phenols, which could contribute to their ability to affect metabolic status.
Pecans are particularly high in proanthocyanidins and ellagitannins, pistachios and almonds are high
in proanthocyanidins, and walnuts are high in ellagitannins [101]. Consumption of pistachio nuts,
according to 6 intervention studies, improved HOMA-IR through changes in fasting glucose [102],
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but a systematic review on walnuts concluded that there was no effect on fasting blood glucose or
other measures of IR [103]. Although there are fewer reported studies on humans, pecan and almond
consumption seem to improve HOMA-IR [104,105] and almonds are also effective at reducing IR in
t2D patients [106].

4. Mechanisms in the Pathway of Developing IR That May Be Affected by (Poly)phenols

In assessing the mechanism of (poly)phenols on insulin signalling and resistance, considerations
need to be given to the use of the appropriate model, the physiological concentration of (poly)phenols
in the right form, and the biochemical markers measured. Numerous publications report cell
signalling changes after treatment with a high concentration of (poly)phenol, far above that which
is physiologically relevant. It is also necessary to consider data from human interventions, and if
no evidence of a beneficial effect is available, then it seems irrelevant to study mechanisms in vitro.
Based on this reasoning, (—)-epicatechin is one of the best candidate (poly)phenols to affect IR. Data on
quercetin in humans is quite limited. Resveratrol and hesperidin do not seem to affect IR in human
interventions, but phenolic acids could be active. Anthocyanins seem effective in vivo in some
studies, but since anthocyanins are poorly bioavailable, then it is most likely that the effects are due to
anthocyanin catabolites, not the parent molecules. Even though some (poly)phenols are not active
on IR as measured by fasting blood glucose and insulin, this does not mean that they do not affect
metabolic disease risk. For example, there may be effects on blood pressure, cholesterol, uric acid or
triglycerides, which would also affect cardiovascular disease and t2D risk.

There are some indications that lack of insulin responsiveness is temporary, and is reversible
under the right circumstances [107]. IR transiently results from a constant accelerated formation of ROS
in tissues, caused by obesity/chronic inflammation and high glucose/NADPH oxidase (NOX) in muscle
and adipose. In the short term, the ROS are not enough to destroy the adipose or muscle cells, but put
the metabolism off balance with impaired response to insulin owing to pathway disruption. However,
ultimately the ROS stress will lead to the recruitment of pro-inflammatory cells, eventually causing
permanent damage [108]. In response to the lack of insulin responsiveness, 3-cells produce more and
more insulin to try to elicit the clearance of glucose. This over-activity of the 3-cells causes permanent
damage and burnout, exacerbated by the presence of pro-inflammatory cytokines, in a highly complex
mechanism [109]. Pancreatic (3-cells have low levels of glutathione peroxidase and almost no catalase,
and so are highly sensitive to ROS. Excessive prolonged ROS production can readily cause oxidative
stress and lead to a deterioration of (3-cell function [110]. Since the initial stages of insulin responsiveness
are reversible, then there are several mechanisms by which (poly)phenols can improve the condition,
which are briefly summarised below. In addition, the models used and mechanisms involved in
protecting the (3-cells from damage are summarised in Section 5 below.

4.1. Effects of (Poly)phenols on Starch Digestion

We and other have published reviews on the effects of (poly)phenols on postprandial glucose
spikes through inhibition of carbohydrate digestion by enzyme inhibition [111,112] or by carbohydrate
binding [113]. Starch is digested in the gut by a-amylases and «-glucosidases to produce glucose,
which is then absorbed into the circulation. Glucose and fructose from dietary sucrose are also rapidly
absorbed after hydrolysis by sucrase on the brush border of the small intestine enterocyte [114].
A high-carbohydrate meal consisting of starch and/or sugar will lead to a rapid increase of blood
glucose, causing a release of insulin from (3-cells to allow clearance of the glucose into tissues via GLUT4
activation by translocation [115]. Certain (poly)phenols can inhibit x-amylases and x-glucosidases
and so slow down the rate of digestion, blunting glucose spikes. Since rapidly elevated glucose leads
to formation of ROS in endothelial cells via NADPH oxidase 4 (NOX4) [116,117], then a smaller rise
in glucose will give lower intracellular ROS in insulin-responsive cells. This leads to greater insulin
sensitivity owing to less disruption of the pathways shown in Figure 1. The key requirements here
are that the inhibition of a-amylase and a-glucosidase is strong enough to have an effect on blood
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glucose postprandially. Acarbose is a drug used to manage diabetes and is a potent non-absorbed
inhibitor of x-amylase and «-glucosidase, and long-term use leads to lowered risk of t2D [118].
To judge effectiveness, (poly)phenols can be compared to acarbose. Since (poly)phenols are consumed
normally and continually in a habitual plant-rich diet, they do not have to be as potent as acarbose,
but they must be sufficiently effective. Only a limited number of (poly)phenols are potent enough
inhibitors to be effective in vivo, even though there have hundreds of publications on this activity.
The most promising and potent (poly)phenols are punicalagin [119], epigallocatechin gallate [120,121]
and quercetagetin [122], although the most pronounced effects are from foods [123], implying some
interaction or synergy between (poly)phenols and other food components such as fibre.

4.2. Effects of (Poly)phenols on Glucose Transport

The inhibition by (poly)phenols on glucose transport is also a potential mechanism to lower
postprandial blood glucose [124,125]. In order to exert a positive effect on insulin sensitivity and lower
blood glucose after a meal, it would be necessary to attenuate glucose transporters in the gut to slow
down absorption, but to stimulate glucose transport into tissues to exert an insulin-like effect. Clearly,
it is unrealistic to expect the same compound to inhibit a transporter at one site and stimulate at another.
There is some evidence that intact parent (poly)phenols, such as quercetin and green tea catechins
can inhibit glucose uptake in the gut [126,127], and that (poly)phenol gut microbial metabolites could
stimulate glucose uptake in tissues by through glucose transporter GLUT4- and PI3K-dependent
mechanisms [128]. Further, quercetin increased GLUT4 translocation and akt signalling in mouse
epididymis adipose tissues [129]. This dual effect of parent compounds and microbial products is a
promising line of exploration and could conceivably lead to synergistic effects between the parent
compound and its microbial degradation products.

Adipose and skeletal muscle cells Carbohydrate
@ digestion
Fatty TNFa Insulin @ <-- B-cells‘___ \
acid O | FGIucose

TNF receptor Ins
receptor —————
Fatty ‘
- IRS-1
acmL l { N> Glucose
& NF-kB/JNK1/2 PI3K {2 o\
= | \ NOX
Akt —— Akt —= [ GLUT4 \@
PDK1 @ i O,
Inflammatory cytokines L
feedforward to increase IR I:> eNOS— NO

Figure 1. Simplified mechanism of glucose uptake by adipose or muscle tissue. Data combined
from: [4,10,24,47,111,130]. Abbreviations defined in text, except for: JNK1/2, c-Jun N-terminal kinase
1/2; PDK1, pyruvate dehydrogenase kinase 1; IRS-1, insulin receptor substrate 1; PI3K, phosphoinositide
3-kinase; eNOS, endothelial nitric oxide synthase.

4.3. Attenuation of Impaired Insulin Signalling and Pro-Inflammatory Pathways by (Poly)phenols

(Poly)phenols can have multiple potential effects on the pathways by which cells take up glucose
in response to insulin (Figure 1). Mechanistic information has been mostly derived from cultured cells
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or animal models. Since any action on non-intestinal cells is mediated through the blood, then the active
compound must teach the target tissue in sufficient concentration and in an active form [131]. There are
many examples in the literature where cells have been treated with (poly)phenols and some molecular
players in the insulin responsive pathway have been modulated. Here, only a selection are reported to
illustrate the types of studies that have been done [132], where the action was observed at a reasonable
concentration and the studies shown are certainly not exhaustive. In differentiated white adipocyte
3T3-L1 cells, (—)-epicatechin at relatively low concentrations dose-dependently inhibited the effects of
tumour necrosis factor (TNF)-a-induced activation of mitogen activated protein kinase (MAPK), NF-kB,
and AP-1[133]. In adipocytes under inflammatory conditions where IR is impaired, quercetin restored
GLUT4 translocation by beneficial regulation of IRS-1 function [134]. In rats given high fructose or mice
given a high fat diet, (—)-epicatechin attenuated the negative effects of the dietary stress through NOX4,
NF-kB, and extracellular signal-regulated protein kinase (ERK1/2) pathway modulation [135,136].
Ferulic acid dose-dependently improved HOMA-IR in rats fed a high fat, high carbohydrate and high
fructose diet, at least partly through downregulation of NOX and inhibition of inflammatory cytokine
production [137].

5. Cell Models for Protection of 3-Cells against Oxidative Damage

Numerous insulin-secreting cell lines are used to understand more about the mechanism of
developing IR. A majority of these release insulin in response to glucose, and have been obtained
from rats, mice or humans. A summary is shown in Table 1. Of these, INS-1 cells obtained from
rat pancreatic (3-cells have been utilised in numerous studies with (poly)phenols. Other cells are
also used to examine the mechanism of modulation of IR in tissues, including adipose and muscle
tissue-derived cells.

Quercetin can protect INS-1 3-cells under stress conditions, potentiating glucose-induced insulin
secretion [138], through activation of ERK1/2 [139]. At lower concentrations of glucose, quercetin
can also stimulate insulin secretion via Ca?* influx [140]. Under fructose-induced hyperinsulinaemia,
quercetin can reduce insulin production by INS-1 3-cells and this correlates with decreased nuclear
Foxol localization and reduced phosphorylation of akt [141]. (—)-Epicatechin at low concentration can
improve glucose-stimulated insulin secretion in INS-1 cells impaired by saturated fatty acids [142],
and at high concentrations, can reduce the production of glucose-induced ROS [142]. (=)-Epicatechin
can also improve INS-1 cell viability and insulin secretion under chemically induced oxidative
stress [143]. (—)-Epigallocatechin-3-gallate protects INS-1 cells against ethanol-induced apoptosis via
the upregulation of the transcription factor NeuroD1, resulting in a decreased CCA AT-enhancer-binding
protein (C/EBP) homologous protein transcription factor expression and decreased apoptosis [144].
Anthocyanins promote insulin secretion from (-cells in the presence of glucose [145], linked to
intracellular Ca?* signalling in insulin secretion [146]. Anthocyanins have also been shown to protect
INS-1 cells from autophagic cell death induced by H,O, stimulation [147]. Finally, ferulic acid
stimulated insulin secretion in INS-1 3-cells, as measured by a rise in Ca2* [148].

6. Conclusions

There are many studies examining the effect of (poly)phenols on insulin resistance in human
intervention studies, in animal models and in cells. It can be concluded that (—)-epicatechin and
(=)-epicatechin-rich foods such as cocoa can improve IR, and anthocyanins are also probably active.
However, for other classes, there are still too many uncertainties to conclude that there is a protective
effect. In addition, the mechanisms are still not clear, and there is a need for mechanistic studies using
chronic low concentrations of relevant (poly)phenols. In addition, there are vast gaps in knowledge
on the effect of (poly)phenol catabolites derived from the gut microbiota on the processes leading
to IR. It seems that the (poly)phenols are a highly promising class of commonly consumed dietary
compounds for improving IR, but more research is needed in order to give better dietary advice and
improve the prospects of metabolically at-risk groups.
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Table 1. Cell models used to study effects on pancreatic 3-cells.

Name Organism Characteristics Studies and Reference
Polysaccharide-induced insulin
[-cell line secreting insulin in > ecretp n [149]
L Lipotoxicity [150]
response to glucose. Line is stable .
INS-1 Rat O . . Bacteria [151]
with time, with high . .
lucose-induced insulin secretion Cytotoxic effects of mangostin [152]
& Glycogen metabolism [153]
Effect of Indian culinary plants [154]
RIN Rat Exhlb}ts gl}lcose-stllmulated [155-157]
insulin secretion
[158]
Releases insulin in response to Establishment [159]
Min6 Mouse glucose, but high passage cells have Ginseng root-treated [160]
impaired insulin secretion Statin-treated [161]
[162]
Secretes low levels of insulin when Cellular response to hyperglycaemia
1.1B4 Human . [163]
glucose-stimulated [164-167]
. o Characterisation [168] Validity in drug
Secretes insulin in response to a screening against mouse model [169]
EndoCpH1 Human glucose challenge, but slow growing &8

[170,171]

and difficult to culture Further studies listed in review [172]
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