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Abstract: Type-2 diabetes mellitus (T2DM) is an endocrine disease related to impaired /absent insulin
signaling. Dietary habits can either promote or mitigate the onset and severity of T2DM. Diets rich in
fruits and vegetables have been correlated with a decreased incidence of T2DM, apparently due to
their high polyphenol content. Polyphenols are compounds of plant origin with several documented
bioactivities related to health promotion. The present review describes the antidiabetic effects of
polyphenols, specifically related to the secretion and effects of insulin and glucagon-like peptide 1
(GLP1), an enteric hormone that stimulates postprandial insulin secretion. The evidence suggests that
polyphenols from various sources stimulate L-cells to secrete GLP1, increase its half-life by inhibiting
dipeptidyl peptidase-4 (DPP4), stimulate 3-cells to secrete insulin and stimulate the peripheral
response to insulin, increasing the overall effects of the GLP1-insulin axis. The glucose-lowering
potential of polyphenols has been evidenced in various acute and chronic models of healthy and
diabetic organisms. Some polyphenols appear to exert their effects similarly to pharmaceutical
antidiabetics; thus, rigorous clinical trials are needed to fully validate this claim. The broad diversity
of polyphenols has not allowed for entirely describing their mechanisms of action, but the evidence
advocates for their regular consumption.
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1. Introduction

Type-2 diabetes mellitus (T2DM) is a non-communicable disease that is exceedingly common in
modern societies. Its formal diagnostic criteria are: (1) glycated hemoglobin (HbA1c) concentration >
6.5%, or (2) fasting glycemia > 126 mg/dL (7.0 mM), or (3) glycemia > 200 mg/dL (11.1 mM) two
hours after an oral glucose load [1]. Projections indicate that the global incidence of diabetes will
continue to increase from 2010 to 2030, and some authors project 439 million adult patients by 2030 [2],
while others predict 552 million by 2030 [3]. According to a 2015 report, 422 million people already had
diabetes by 2014 [4], which suggests that the predicted number of cases may be exceeded. T2DM is a
degenerative disease that progressively decreases optimal function of the cardiovascular system, eyes,
kidneys, nervous system and other organs such as the skin, liver and gut. This is reflected on a reduced
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quality of life of the patient and their immediate family members or caregivers, and an economic
burden on the workforce and the health system [5]. The symptoms of diabetes have been known since
ancient times, but a thorough understanding of its underlying causes and effective treatments were
not fully achieved until the 20th century [6]. Being a disease of affluence, it was not as prevalent as
compared to current times; changes in dietary habits and an increasingly sedentary lifestyle have
been continuously referenced as main culprits for its increase. Long-term consumption of diets rich
in simple carbohydrates (such as high-fructose corn syrup), lipids (particularly trans and saturated
lipids), and energy, and low in fiber and micronutrients are associated with obesity and T2DM [7].

On the contrary, some dietary choices can elicit positive health effects by preventing T2DM,
delaying age of onset, or mitigating its symptoms. A prime example is the Mediterranean diet
(rich in fruits and vegetables and low in simple carbohydrates and processed foods), which is often
linked with such benefits [8]. Complementary studies have shown that polyphenols contained in
fruits and vegetables are key mediators of the antidiabetic effects attributed to them. Polyphenols
are secondary metabolites of plant origin that are synthesized from L-phenylalanine or L-tyrosine
through the phenylpropanoid pathway [9]. They have at least one phenolic moiety as part of their
main molecular skeleton, and their complexity and structural diversity extends from simple phenolic
acids to highly complex polymerized tannins. The covalent attachment of monomeric/oligomeric
carbohydrates further extends their structural and functional diversity. Polyphenols are a highly active
research discipline due to their ubiquity in edible plants and the accumulated data obtained in the
last decades, which shows that they have striking effects on different aspects of human health. They
exert anti-inflammatory, anti-proliferative and anti-oxidant activities [10], in addition to the previously
stated antidiabetic effects.

Because diabetes is multifactorial, the antidiabetic effects of polyphenols are also multifactorial.
Polyphenols can modulate the digestion of starch and other carbohydrates [11], they induce satiety [12],
mitigate non-enzymatic glycation, modulate hormonal responses [13], among several others, which
are altogether antidiabetic actions. In this work, we are interested in the effects that polyphenols have
on the secretion and signaling of glucagon-like peptide-1 (GLP1) and insulin, two hormones whose
insufficient or inappropriate activity ultimately leads to diabetes. Since GLP1 stimulates the secretion
of insulin (and prevents the release of glucagon), their effects are physiologically intertwined. They
are also main molecular targets of antidiabetic medications, which highlights their role in all aspects
of T2DM.

2. GLP1 and Insulin Signaling

Glycemic control is a tightly coordinated process that requires precise glucose sensing and
adequate endocrine response of the pancreas, along with a corresponding response from peripheral
tissues. This section briefly describes the normal synthesis, secretion and signaling pertaining to GLP1
and insulin as part of the glucose-lowering response in healthy individuals. Pharmacological options
aimed at preserving their function will also be summarized.

2.1. GLP1

The human GCG gene (2q24.2, Genbank: 2641) codes for proglucagon, a 160 aminoacid peptide
expressed in the pancreas, gut, and brain, that is post-translationally processed into different peptides
according to the organ in question. In L-cells of the small intestine, proglucagon is cleaved into active
GLP1 (and other fragments) by prohormone convertase. There is basal serum GLP1 concentration,
but its release is mainly postprandially in response to nutrient loads [14]. The GLP1 receptor (GLP1R)
is a 7-transmembrane-spanning heterotrimeric G-protein-coupled receptor (GPCR). It is expressed
on various cell types, including pancreatic 3-cells; here, intracellular signaling takes place through
cAMP and other second messengers upon GLP1 binding, which promotes insulin secretion and
gene transcription [15]. GLP1 and the related glucose-dependent insulinotropic polypeptide (GIP,
also known as gastric inhibitory polypeptide) promote insulin secretion and other effects, such as



Molecules 2017, 22,903 3of16

hypothalamic stimulation to induce postprandial satiety. GLP1 and GIP are both known as incretins,
and their effects are considered antidiabetic.

Secreted GLP1 has a very short serum half-life of approximately two minutes, due to extensive
hydrolysis by dipeptidyl peptidase-4 (DPP4). DPP4 is located on the surface of the endothelium, but it
can also be found in a soluble circulating form (sDPP4). It is a serine protease capable of hydrolyzing
several substrates, particularly those with a proline or alanine residue at position 2, relative to its amino
terminus. In addition to GLP1, erythropoietin, growth hormone-releasing hormone, neuropeptide
Y, peptide tyrosine-tyrosine (PYY), and others are well known DPP4 substrates, which highlight the
numerous processes that are influenced by its activity. Its effects have been extensively analyzed, both
on GLP1 and on its other targets [16].

2.2. Insulin

Pancreatic 3-cells translate the INS gene (11p15.5, Genbank: 3630) into an immature peptide
named preproinsulin that is 110 aminoacids long. Preproinsulin is translocated into the endoplasmic
reticulum (ER), where a signal peptidase cleaves the signal peptide, which forms the still immature
proinsulin. One intrachain and two interchain disulfide bonds are formed within the ER, which also
promotes near-final folding. Proinsulin dimerizes, complexes with Zn*? ions and enters the Golgi
apparatus, where prohormone convertases and carboxypeptidase E cleave proinsulin into mature
insulin and C-peptide (31 aminoacids) [17,18]. The resulting insulin produced after these events
is a peptide hormone that consists of an A chain and a B chain of 21 and 30 aminoacids in length,
respectively, linked together by the disulfide bonds that were previously formed. [-cells secrete
insulin in response to increased glycemia and by GLP1 stimulation (as previously stated). Its main
target tissues are skeletal muscle, adipose tissue, and liver, where the insulin receptor (IR) is highly
expressed [19].

The IR is a tyrosine kinase receptor; its structure consists of two extracellular « subunits
and two transmembrane 3 subunits linked by disulfide bonds. The binding of insulin initiates
a homodimerization of the IR, conformational changes and a phosphorylation cascade. Initial
phosphorylation takes place on the receptor itself, and then on the insulin receptor substrates (IRS).
Phosphorylated IRS recruit other downstream proteins that exert various effects on the cell, through
the phosphatidylinositol triphosphate (IP3), Ras and other pathways [19]. One of these effects is
the fusion of vesicles to the cell membrane that contain stored glucose transporter 4 (GLUT4), and,
ultimately, the signaling cascade concludes with the incorporation of GLUT4 into the cell membrane,
allowing glucose to passively diffuse through it. The net physiological outcome is an incorporation of
glucose into tissues and preservation of euglycemia.

Insulin resistance is characterized by a progressive decline of the normal response to the hormone;
a state of hyperinsulinemia results from the pancreas increasing its secretion in an effort to counter
hyperglycemia. The pancreas will eventually fail to maintain glucose levels within the physiological
range, at which time the diagnostic criteria for diabetes will be met and the disease will be diagnosable
by the previously mentioned criteria. Interestingly, when there is insulin resistance, the secretion of
incretins is not increased, but (3-cells become more responsive to them, and oral nutrient loads exert a
stronger insulin response because of this phenomenon [20].

2.3. Current Antidiabetics that Target Insulin or GLP1

There are numerous currently available antidiabetic treatment options with different mechanisms
of action. In order to compare the antidiabetic effects of polyphenols to pharmaceuticals, this section
provides a brief overview, and only those related to GLP1 or insulin are considered.

1. Gliptins are DPP4 inhibitors that prevent DPP4-mediated GLP1 hydrolysis. Sitagliptin
was the first to be approved by the United States Food and Drug Administration (FDA) in 2006,
while vildagliptin, saxagliptin and linagliptin were subsequently approved; this makes them the
most recently launched antidiabetics. Gliptins exert an 80-97% effective DPP4 inhibition through a
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reversible-competitive mechanism, yielding an increased GLP1 half-life of up to 5 min, in contrast
with its physiological half-life of less than 2 min [21,22]. Increased GLP1 half-life allows additional
B-cell stimulation and ensuing insulin release.

2. Incretin mimetics are chemically modified GLP1 molecules that act as synthetic agonists of
the GLP1R. They mimic GLP1 signaling on (3-cells, which amplifies physiological GLP1-mediated
insulin secretion. They were developed because administration of GLP1 is impractical due to its short
half-life, and would otherwise require continuous intravenous administration, while analogues are
administered subcutaneously. Some analogues (exenatide and lixisenatide) have a different aminoacid
sequence to human GLP1, which results in a decreased affinity of DPP4 towards them, and therefore a
longer half-life. Others (liraglutide) have a covalently-attached fatty acid that increase their binding to
albumin and minimize renal filtration, while yet another strategy is to covalently bind the analogue to
albumin (albiglutide) or to the Fc fragment of IgG (dulaglutide) [23].

3. Insulin secretagogues stimulate the pancreas to produce and secrete insulin, and are
subclassified as sulfonylureas or glinides. Sulfonylureas have been commercially available since
the 1950s, and glibenclamide is currently the most representative member of this class, along
with glimepiride and others. Sulfonylureas bind to the sulfonylurea receptor 1 (SUR1) and inhibit
ATP-sensitive potassium channels (Katp) localized to the cellular membrane of pancreatic (-cells,
which results in membrane depolarization, increased intracellular calcium concentration and ultimately,
insulin secretion [24]. Glinides have a similar mechanism of action to sulfonylureas, which rely on
Katp channel inhibition, calcium influx and subsequent insulin release, but their molecular structure,
binding site, and duration of action (more rapid and shorter than sulfonylureas) allows clear distinction
between them [25]. They are considered safe in most cases, but one of their main and most serious side
effects is hypoglycemia [26]. It should be noted that gliptins, incretin mimetics, sulfonylureas, and
glinides are only pharmacologically active when administered to patients with some (3-cell activity
and cease to be effective once there are no functioning 3-cells that are able to produce insulin.

4.  Another strategy to treat T2DM is to increase peripheral sensitivity to insulin by
thiazolidinediones (TZDs, also known as glitazones), named according to their molecular structure.
TZDs are synthetic agonists of the peroxisome proliferator-activated receptor gamma (PPARY)
transcription factor that is expressed in the liver, skeletal muscle, and adipose tissue. Endogenous
PPARy ligands are mainly long chain omega-3 fatty acids. Active PPARy modulates the transcription
of genes related to insulin sensitivity and metabolism of carbohydrates and lipids [27].

These pharmacological treatments can be prescribed as monotherapy or in combination, and
often other kinds of drugs are also concomitantly prescribed, such as statins, ezetimibe, o-glycosidase
inhibitors, and others. Table 1 summarizes the previously described antidiabetic compounds, and
Figure 1 illustrates the molecular structure of representative members. Figure 2 illustrates the combined
signaling of GLP1 and insulin at the whole organism-level, and the site of action of antidiabetics.

Table 1. Pharmacological agents to treat type-2 diabetes mellitus (T2DM) that act on glucagon-like
peptide-1 (GLP1), insulin or insulin sensitivity.

Main Examples (International

Class Mechanism of Action Non-Proprietary Name) Reference
s . Prevent GLP1 Sitagliptin, vildagliptin,
DPP4 inhibitors (gliptins) hydrolysis saxagliptin, linagliptin (21,22]
. . . . . .. . . Exenatide, liraglutide, lixisenatide,
GLP1R agonists (incretin mimetics) Mimic GLP1 signaling albiglutide, dulaglutide [23]
Insulin secretagogues (sulfonylureas) Stimulate insulin Glibenclamide, glimepiride [24,25]
Insulin secretagogues (glinides) secretion Repaglinide, nateglinide, mitiglinide
Insulin sensitizers Increase insulin Rosiglitazone, pioglitazone [27]

(thiazolidinediones/ glitazones) sensitivity
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Figure 1. Molecular structures of representative pharmacological antidiabetics listed in Table 1.

The peptide structure of glucagon-like peptide-1 receptor (GLP1R) agonists was omitted for clarity.
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Figure 2. Overview of the events that take place after a meal that lead to GLP1 and insulin secretion.
The different pharmacological antidiabetics are highlighted in blue, and their actions are indicated by

dashed arrows.

3. Effects of Polyphenols on GLP1 and Insulin Signaling
GLP1, insulin and the peripheral actions of insulin are strongly influenced by dietary components

Macronutrients are the most notable examples, but polyphenols and other micronutrients have also
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been documented as important regulators. The structures of the molecules discussed hereafter are
depicted in Figure 3.

o 3-O-feruloylquinic acid
chlorogenic acid (ferulic acid and quinic acid ester)
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(epicatechin dimer)

procyanidin C1
(epicatechin trimer)

cinnamtannin A2
(epicatechin tetramer)

Figure 3. Molecular structures of the polyphenols with potential antidiabetic effects discussed in the
main text.

3.1. Effects of Polyphenols on GLP1

Nagamine et al. [28] prepared an ethanolic extract of sweet potato (Ipomoea batatas L.) cv Suioh, rich
in the following derivatives of caffeoylquinic acid (CQA): 3-CQA, 3,4-diCQA, 3,5-diCQA, 4,5-diCQA,
and 3,4,5-triCQA. Murine GLUTag cells (a GLP1-secreting enteroendocrine cell line) were incubated
with either the sweet potato extract (10 mg/mL), the individual CQA derivatives previously mentioned
(10 mM each), glutamine as positive control (10 mM) or dimethyl sulfoxide (DMSO, 0.1%) for 2 h. GLP1
was quantified after the incubation period by ELISA. Results showed that all analyzed compounds
increased GLP1 secretion, but the most prominent effect was induced by 3,4,5-triCQA (~650 pM),
followed by the sweet potato extract (~500 pM) as compared to the control (~50 pM) and the positive
control (~150 pM). It is apparent from these results that the most effective stimulator of GLP1 secretion
is the tri-CQA derivative, but interestingly, it is the least abundant component of the extract (~1.1%).
Follow-up experiments by the authors corroborated their results on male Sprague-Dawley rats, by
demonstrating that a 2 g/kg of body weight (BW) orally administered (p.o.) dose of the sweet
potato extract stimulated GLP1 secretion after an intraperitoneal (i.p.) glucose load (2 g/kg-BW),
and mitigated the subsequent hyperglycemia. The i.p. glucose dose was higher than the normally
administered dose (1.75 mg/kg) in oral glucose tolerance tests. These results suggest that the
polyphenolic components of sweet potato exert antidiabetic effects, particularly tri-CQA, but the
mechanism of action on L-cells was not investigated.
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Coffee is a widely consumed beverage with high phenolic content, mainly chlorogenic acid,
which has a potential GLP1 secretagogue ability. Fujii et al. [29] prepared a caffeine-free coffee
polyphenol extract (CPE) whose main components were mono-, di-CQA, and feruloylquinic acid
(FQA) derivatives. Human NCI-H716 cells (GLP1-secreting cells from colorectal adenocarcinoma)
were incubated for 2 h with CPE in increasing concentrations (0, 0.01, 0.05 or 0.1%) or with phorbol
12-myristate 13-acetate (12 uM) as positive control. For comparison, a coffee grain extract can contain
up to 0.045 w/w of chlorogenic acid isomers [30]. The CPE exerted a dose-related increase in GLP1
secretion, which was likely related to an increase in intracellular cAMP (cAMP;), which followed a
similar trend. To determine the effects of the CPE on an in vivo model, male C57BL/6] mice were given
CPE (0.6 g/kg-BW, p.0.), which resulted in increased portal GLP1 concentration after the nutrient load
(quantified after 10 and 30 min), but without an effect on glycemia, GIP, or insulin concentration. When
the CPE was co-administered with glucose, glycemia decreased faster in the CPE-treated mice. These
experiments suggest that coffee CQA and FQA derivatives can stimulate GLP1 secretion in a cell line
and in an in vivo model, possibly through an increase in cAMP; concentration. The authors suggest
that GPCRs may be the targets of the active compounds, but this was not completely demonstrated.

Cocoa and products derived from it contain flavanols as their main polyphenolic constituents.
Ryan et al. [31] compared the in vitro DPP4 inhibition potential of cocoa products with different
processing methods. Extracts were prepared from cocoa beans, fermented cocoa beans, roasted cocoa
liquor, and fermented roasted cocoa liquor, and their DPP4 inhibition ability was compared with
diprotin A, a peptide DPP4 inhibitor (Ile-Pro-Ile), as a positive control. They showed that the cocoa
polyphenols exert a modest DPP4 inhibition, as compared to the control, and that fermentation
and roasting can improve this result. Because the concentration of no individual compound
analyzed (catechin, epicatechin, and their oligomers and polymers) showed strong correlation with
DPP4 inhibition, they proposed that inhibition may occur through non-specific protein binding or
precipitation, and that the melanoidins formed during the roasting process (as products of the Maillard
reaction) may enhance protein binding. Although the data suggests that these cocoa products may
exert antidiabetic effects, its effect on GLP1 was not directly analyzed.

An anthocyanin-rich grape seed extract (GSE) was used by Gonzalez-Abuin et al. [32] to analyze
its effect on GLP1 secretion in rats as compared to vildagliptin. Three groups were administered p.o.
doses of GSE (1 g/kg-BW), vildagliptin (1 mg/kg-BW, positive control) or water (negative control).
Two g/kg-BW of glucose was administered 40 min after the treatments, and the animals were sacrificed
after an additional 20 min. Results showed that the GSE treatment was as effective as vildagliptin in
stimulating GLP1 and insulin secretion and in mitigating hyperglycemia. The observed GLP1 increase
was dependent on the presence of glucose, because the GSE had no effect on the glycemia of animals
who did not ingest glucose. The effects of the GSE were due to at least two mechanisms, an increase in
GLP1 secretion, and its decreased hydrolysis by intestinal DPP4, which the GSE was able to inhibit.
The mixture of catechin, epicatechin, procyanidin B2, and gallic acid (all contained in the extract) were
able to inhibit DPP4 activity, and all but epicatechin exerted significant individual DPP4 inhibition.
It would be interesting to determine if co-administration of vildagliptin and the GSE would synergize
on GLP1 secretion or on DPP4 inhibition.

Additional evidence reported by Gonzalez-Albuin et al. [33] described the effects of GSE on
GLP1 secretion from STC-1 cells (secretin tumor cells), an enteroendocrine cell line derived from a
double-transgenic mouse tumor. The cells were incubated with 0.05, 0.5, 5, or 50 mg GSE/L of cell
medium for 3 h with either glucose, fatty acids (linoleic acid) or aminoacids (proline) to stimulate
GLP1 secretion in response to different macronutrients. An ELISA analysis was used to quantify GLP1.
They showed that the GSE dose affected cell membrane potential: depolarization was induced by
the 0.05 and 0.5 mg GSE/L doses, the 5 mg GSE/L dose had no effect, and the 50 mg GSE/L dose
caused hyperpolarization. The highest GSE dose significantly decreased GLP1 secretion, but the others
showed no effect, which is contrary to the expected results, particularly when considering the effects
described in the in vivo rat model. The direct involvement of mitochondrial glucose metabolism on Na*
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concentration was likely not responsible for the documented changes in membrane polarization (but is
reported in (3-cells), and the authors further warn that direct extrapolation of changes in membrane
potential to GLP1 secretion may not be accurate. It is also noteworthy that DPP4 inhibition was not
determined in this experiment; if DPP4 inhibition were to take place, it could lead to an increase in
GLP1 concentration without directly increasing its secretion.

Serrano et al. [34] provided evidence of the acute effects of GSE on GLP1 secretion in rats. Wistar
rats were administered GSE (846 mg/kg-BW of phenolics) and an intragastric meal. Twenty minutes
after the meal, portal GLP1 concentration was significantly increased by the GSE, in parallel with
insulin concentration. The effects on GLP1 were not mediated by changes in mRNA expression of
the proglucagon gene, suggesting an increased protein secretion or half-life as the mechanism of
action. Additional experiments demonstrated that the GSE exerted a satiety effect related to GLP1
secretion. A structure-functional association was postulated based on the evidence, where the active
polyphenolic components are those that bear a galloyl moiety, because those that lack it were not
capable of inducing the same actions.

Hibiscus sabdariffa is consumed in Africa, Asia and the Americas, particularly Mexico, and can
contain up to 121 mg of polyphenols/g of dry matter [35]. Peng et al. [36] used H. sabdariffa as a
polyphenol source, and administered it to immortalized human proximal tubule epithelial HK-2 cells,
incubated with a high glucose concentration (30 mM). The polyphenols significantly inhibited DPP4
activity without altering DPP4 protein concentration, and a similar effect was observed when linagliptin
was administered. These results demonstrate that DPP4 inhibition exerted by linagliptin or H. sabdariffa
polyphenols, mitigates specific markers of insulin resistance (Ser307 phosphorylation of IRS-1) and
epithelial-to-mesenchymal transition (vimentin), both of which contribute to the progressive loss of
renal function that is characteristic of advanced T2DM. It is highly interesting that DPP4 inhibition
modulates the physiological changes that lead to loss of renal function, and it is tempting to suggest
that GLP1 signaling was directly responsible, but because of the broad substrate specificity of DPP4, it
is not possible to unambiguously confirm it with this data. Complementary experiments on diabetic
Sprague-Dawley rats showed that H. sabdariffa polyphenols (tube-fed 200 mg/kg-BW) exerted similar
changes in vivo, suggesting polyphenol-mediated DPP4 inhibition can preserve renal function in
diabetic organisms, similarly to linagliptin.

The effects of sorghum (Sorghum bicolor L. Moench) consumption were determined in healthy
adult volunteers (20 male, 20 female) by Stefoska-Needham et al. [37]. The volunteers consumed a
breakfast of 50 g of red, white, and brown-grained sorghum prepared as biscuits, and compared with a
similar amount of wheat biscuits as a control. Serum analysis of enteroendocrine hormones indicated
that the area under the curve (AUC) for GLP1, GIP, and PYY was significantly higher as compared to
the control. In addition, significantly higher satiety was reported by the participants who consumed
sorghum biscuits. The biscuits prepared from the sorghum with the highest polyphenolic content (red
sorghum) also exerted the strongest changes on hormone secretion. However, as the authors point out,
they were unable to determine the exact mechanisms on appetite suppression and digestive responses
during the experimental period, and therefore proposed additional experiments. A possible DPP4
inhibition may have been exerted by the sorghum polyphenols, because the concentrations of GLP1,
GIP, and PYY were increased, and as previously stated, they are DPP4 substrates, but this was not
experimentally corroborated.

3.2. Effects of Polyphenols on Insulin

Anhé et al. [38] used a commercial polyphenol-rich cranberry extract, and administered it by oral
gavage to 36 C57BL/6] mice (200 mg/kg-BW), which were maintained on a high fat/sucrose diet,
during an eight-week period. The treatment decreased fasting insulinemia, suggesting that the extract
increased insulin sensitivity. This was subsequently validated by an oral glucose tolerance test, in
which decreased insulin and C-peptide concentration was confirmed. These and other effects were
partially attributed to changes in gut microbiota, specifically, an increased population of Akkermansia
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spp- The presence of the related Akkermasia muciniphila has been correlated with decreased obesity
and insulin resistance, through mechanisms that may involve fermentation products, interaction with
other bacteria and others [39]. This suggests that polyphenols may exert an indirect effect on insulin
secretion by modulation of gut microbiota.

Qin et al. [40] demonstrated the effects of a polyphenol-rich aqueous cinnamon extract (10 and
100 ug/mL) on Wistar rat enterocytes. The treatments increased mRNA expression of the IR, IRS-1,
IRS-2, phosphatidylinositol 3-kinase (PI3K) and Aktl; mRNA expression of the phosphatase and
tensin homolog (Pten) was decreased. Altogether, these changes in gene expression suggest insulin
sensitivity on the enterocytes was increased by the cinnamon polyphenols. An HPLC-MS analysis of
the extracts showed that type-A polyphenol trimers and tetramers were present, and may be the active
components of the cinnamon extract.

Yamashita et al. [41] extracted procyanidin oligomers from cacao liquor and acutely administered
them individually to male ICR (Institute of Cancer Research) mice (10 ug/kg-BW, p.o.). The animals
were sacrificed an hour after the treatment, and ELISA analyses were used to quantify GLP1 and insulin.
Among the studied compounds (epicatechin, procyanidin B2, procyanidin C1, and cinnamtannin A2),
cinnamtannin A2 increased GLP1 and insulin concentration, and was the most bioactive overall. The
same compound also exerted significant changes on skeletal (soleus) muscle, by increasing IR-f3 and
IRS-1 phosphorylation. It was later discarded that IRS-1 phosphorylation was related to the JAK-STAT
(Janus Kinase-Signal Transducer and Activator of Transcription) pathway, supporting the hypothesis
that the IR was responsible for IRS-1 phosphorylation and downstream signaling. All compounds
present in the cacao liquor samples are epicatechin oligomers, for example, procyanidin B1 is an
epicatechin dimer, procyanidin C1 is an epicatechin trimer, and cinnamtannin A2 is an epicatechin
tetramer. The evidence supports the hypothesis that the length of the procyanidin is key to the
insulin-sensitizing results, as demonstrated by a lack of significant effects by the epicatechin monomer,
dimer and trimer.

The effects of cocoa flavanols were analyzed by Dorenkott et al. [42] on male C57BL/6] mice
that were fed a high fat diet for 12 weeks. The diets of the animals were supplemented with either
cocoa flavanol extract, or the flavanol fraction enriched with monomeric, oligomeric, or polymeric
procyanidins (262 mg/kg of diet) and compared to a low fat diet group. The high fat diet impaired the
12 h fasting glycemia and the AUC of an oral glucose tolerance test, but the oligomeric fraction was able
to exert an intermediate improvement in both parameters. A more noticeable and significant effect was
evident on a 4 h fasting glycemia and insulin tolerance test, where the oligomeric fraction maintained
similar values to the low fat control group, and significantly decreased both, as compared to the
untreated high fat group. Fasting hyperinsulinemia was recorded on the untreated group, which was
significantly mitigated by the monomeric, oligomeric and polymeric cocoa procyanidins. According
to these data, and similar to the findings of Yamashita et al. [41], procyanidin length determines its
effectiveness as an insulin secretagogue and sensitizer. The most overall effects were exerted by the
oligomeric fraction, the majority of which were trimers to hexamers (~63% of the extract), followed by
dimers (~30% of the extract).

Syringic acid is a simple phenolic (benzoic) acid, whose antidiabetic potential was analyzed by
Muthukumaran et al. [43] in male alloxan-induced diabetic Wistar rats. Syringic acid (50 mg/kg-BW)
was administered for a 30-day period through an intragastric tube. As expected, the diabetic rats
showed hyperglycemia and hypoinsulinemia, but the syringic acid treatment reverted both parameters
to values almost identical to those of healthy animals. The main mechanism of action of syringic acid
was as insulin secretagogue, which was corroborated by a significant increase in the concentration of
C-peptide. An insulin sensitizing effect was not analyzed, thus, it cannot be confirmed.

Mangoes (Mangifera indica L.) contain phenolic acids as part of their bioactive components, among
which is syringic acid. Evans et al. [44] administered 10 g/day of freeze-dried edible mango pulp
to 20 overweight adults (11 male, nine female) for 12 weeks. After the experimental period, all
subjects had significantly reduced glycemia, but only the male participants had significant increases in
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insulinemia. No changes in insulin sensitivity were recorded, and the exact cause for the male/female
differences was not determined. The authors suggested that mango consumption may have effects on
daily glucose/insulin, rather than long-term effects, but this was also not conclusively verified.

Apples are another polyphenol-rich fruit with potential antidiabetic actions. Manzano et al. [45]
administered an apple polyphenol extract to obese male Zucker rats, in order to determine its acute and
chronic effects on insulin sensitivity. The acute effect (150 mg/kg-BW p.o. of apple polyphenol extract)
showed a significantly reduced postprandial glucose response after consumption of apple phenolics,
but not on insulin secretion. The chronic effect was determined after five weeks of polyphenol intake
(3 g of extract/kg of diet). No significant changes were determined on fasting glycemia, but the
apple polyphenols exerted significant postprandial decreases on glucose and insulin responses. To
further investigate the mechanism of action, the authors evaluated the effect of apple polyphenols
(0-25 pg/mL) on murine L6-myocytes after an 18 h incubation period, with or without insulin. It
was determined that the polyphenols exerted a dose-dependent increase in glucose uptake (mediated
through increased GLUT4), and synergy was apparent when insulin and polyphenols were both
present. Subsequent experiments also demonstrated that the effects of the phenolics decreased if the
cells were treated with a PPARy inhibitor, and that the phenolics acted nearly identical to rosiglitazone,
thus showing that glucose uptake was mediated through PPARYy activation. The exhaustive set of
experiments of Manzano et al. provided robust evidence that the insulin-sensitizing effects of apple
polyphenols were similar to those of the TZDs, particularly rosiglitazone. However, it can be argued
that apple polyphenols may be superior to the pharmaceutical, since they also exerted acute actions
after merely 30 min of their ingestion.

Torronen et al. [46] analyzed the effects of consuming a sucrose load or a sucrose load with
berries (blackcurrants (Ribes nigrumy), bilberries (Vaccinium myrtillus), cranberries (Vaccinium oxycoccos)
and strawberries (Fragaria X ananassa)) in healthy adult participants (two male, 10 female). The
effects of a test meal of 150 g of berry purée with 35 g of sucrose was compared to the same amount
of sucrose dissolved in water. A 2 h capillary and venous glucose curve showed that the berries
significantly prevented a sharp increase in the first 15 min, and a sharp decrease at 90 min after meal
intake. A similar pattern was observed on the serum insulin curve, where the berries prevented
pronounced insulin peaks at 15, 90 and 120 min. The AUC for GLP1 was not statistically significant
(p = 0.05). The main phenolic components reported were anthocyanins, flavonols, phenolic acids,
proanthocyanidins, and ellagitannins, totaling approximately 800 mg in the test meal. The results
suggested that berry polyphenols modulated insulin secretion and postprandial glycemia by shaping
the insulin and glucose curves of the participants.

Olive trees (Olea europaea L.) produce edible leaves and fruits, both of which are sources of
highly bioactive phenolic compounds, particularly hydroxytyrosol and oleuropein. de Bock et
al. [47] administered capsules with olive leaf extract (OLE) or placebo (safflower oil) to overweight
middle-aged men for twelve weeks (body mass index, BMI = 28 kg/m?), followed by a six-week
washout and crossover to the other treatment for an additional 12 weeks. The main components of
the extract were oleuropein (51.1 mg) and hydroxytyrosol (9.6 mg). The OLE treatments improved
glycemia, insulin sensitivity and (3-cell function, as determined by oral glucose curves and the Matsuda
insulin sensitivity test [48]. Based on their findings, the authors highlight the dual effect of OLE, which
is able to act as an insulin secretagogue and as an insulin sensitizer, something that pharmaceutical
treatments are unable to simultaneously replicate. Since the participants were not diabetic, olive
phenolics acted in a preventive manner. Considering the overweight middle-aged male phenotype of
the participants, which favors the onset of diabetes, the significance of the study is highlighted.

An interventional study performed by Bozzetto et al. [49] analyzed the effects of diets rich in
either long chain omega-3 fatty acids, polyphenols, or both, on overweight/obese adults during
an eight-week period. Fasting glucose, insulin, insulin secretion, or insulin sensitivity remained
unaffected by the treatments. Subsequent oral glucose tolerance tests revealed that the polyphenols
were the most bioactive (as compared to the fatty acids), by significantly decreasing the glucose AUC
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and increasing insulin secretion (analyzed with the homeostasis model assessment method (HOMA))
and sensitivity (analyzed with the quantitative insulin sensitivity check index (QUICKI)). The sources
of polyphenols were decaffeinated coffee and tea, dark chocolate, blueberry jam, extra-virgin olive oil,
artichokes (Cynara scolymus var. scolymus), onions (Allium cepa L.), spinach (Spinacia oleracea L.), and
rocket (Eruca sativa Mill.). Synergy was likely exerted between the different classes of polyphenols on
the overall insulin metabolism, initially by increasing its secretion and then by promoting peripheral
sensitivity to it. Furthermore, the effects were obtained only by ingesting them within food, without
the need for additional supplementation, so it is reasonable to consider that similar effects can be
replicated with other polyphenol-rich foods available at other geographical locations.

The previously discussed evidence of the antidiabetic effects of polyphenols related to GLP1,
DPP4 or insulin are summarized in Table 2.

Table 2. Concise summary of the effects of polyphenols from various sources on glucagon-like peptide-1
(GLP1), dipeptidyl peptidase-4 (DPP4) and insulin.

Effect on

Polyphenol Source Model Effect on GLP1 DPP4 Effect on Insulin Reference
Sweet potato ethanolic Murine GLUTag + secretion 28]
extract cells
Sweet potato ethanolic Sprague-Dawley + secretion 28]
extract rats
Coffee extract Human NCI-H716 Dose—rel'ated T 129]
cells secretion
Coffee extract C57BL/6] mice 1 secretion [29]
Cocoa products Inhibit [31]
Grape seed extract 1 secretion Inhibit 1 secretion
Grape seed extract STC-1 cells | secretion [33]
Grape seed extract Wistar rats 1 secretion 1 secretion [34]
Hibiscus sabdariffa HK-2 cells Inhibit [36]
Hibiscus sabdariffa Spragu;;?awley Inhibit [36]
1 GLP1 area under
Sorghum Healthy adults the curve [37]
Cranberry extract C57BL/6] mice | fasting insulinemia [38]
Cinnamon extract Wistar rat 71 sensitivity [40]
enterocytes
Procyanidin oligomers from ICR mice 1 secretion 1 secretion [41]
cacao liquor
Cocoa flavanols C57BL/6] mice | fasting insulinemia [42]
Syringic acid Diabetic Wistar rats Norma}lzed'glycgmla and [43]
insulinemia
Mango Overweight adults 1 insulinemia in males [44]
No effect on postprandial
Apple polyphenol extract Obese Zucker rats insulinemia (acute effect) [45]
1 postprandial insulin
Apple polyphenol extract Obese Zucker rats response (chronic effect) [45]
Murine Polyphenol/insulin synergy
Apple polyphenol extract L6-myocytes on glucose uptake (45]
Blackcprrants, bllberrles_, Healthy adults Prevented insulin and [46]
cranberries, and strawberries glucose peaks
Olive leaf extract Overweight men 71 sensitivity [47]
Dietary intervention with Overweight adults 1 secretion and sensitivity [49]

polyphenol-rich foods

1. increases; |: decreases. STC: secretin tumor cells; ICR: Institute of Cancer Research.

Figure 4 summarizes the generalized actions of polyphenols as antidiabetic compounds that were

discussed in the text.
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GLP1 secretion

insulin secretion GLP1 half-life
(insulin secretagogues) (gliptins)
insulin sensitivity POLYPHENOLS ﬂ DPP4
(TZDs/glitazones) (gliptins)
glucose uptake ! hyperglycemia

(TZDs/glitazones)

overall antidiabetic effects

Figure 4. Summary of the overall antidiabetic actions of polyphenols (bold text) that are comparable to
pharmaceutical antidiabetics (blue text). Green arrows indicate an increase and a red bar-headed line
indicates inhibition.

3.3. Targeted Application of Polyphenolics as Antidiabetics

The previously described experimental evidence suggests that various polyphenols favorably
modulate the GLP1 and insulin pathways. From the authors’ point of view, there are three possible
ways to obtain the most antidiabetic benefits from polyphenols. First, as determined by Bozzetto
et al. [49], antidiabetic effects are achievable by means of adequate dietary choices without additional
intervention. This implies that regularly consuming polyphenol-rich foods can reduce the risk of
diabetes, and epidemiological data is available to back up this hypothesis [50,51]. This option is likely
to have the most impact if polyphenol rich foods are consumed from the earliest stages of life, and if
these dietary choices are continued through adolescence and adulthood.

Second, consumption of polyphenols in extracts, supplements, functional, or nutraceutical foods
and beverages. This alternative may be adequate to increase daily polyphenolic consumption or to
compensate for low intake. However, it should also be stated that this may lead to an overdependence
on a handful of molecules from a single source, which limits the potential variety of a polyphenol-rich
diet (which can also contain other micronutrients), and their benefits may still be nullified by other
dietary choices. Another possible disadvantage is a negative drug—nutrient interaction between the
polyphenols and other pharmaceuticals that may be co-ingested; the grapefruit effect is one of the
most known cases where a food-derived compound has important repercussions for the metabolism of
numerous pharmaceuticals [52]. Furthermore, while polyphenols are generally safe when consumed
from food, they also have the potential to induce negative side effects if ingested in a concentrated
form, either acutely or after a chronic exposure. Thus, a cation must be exerted when consuming them,
in order to prevent negative side effects or an overdependence on them.

Third, rational design of antidiabetics based on a polyphenolic structure. This is the most
challenging approach because the development and successful introduction of any pharmaceutical
compound may require decades of work and vast monetary resources. Drug design based on natural
compounds is by no means a new concept, but the structure of polyphenols has not been used
as a model to develop antidiabetics. Based on the information discussed in the present work, a
successful approach may involve a series of quantitative structure—activity relationship (QSAR)
analyses of polyphenols, to improve their already demonstrated activity, and to increase their specificity.
Procyanidins are particularly interesting examples, because their length has been tentatively proven
to be directly related to their bioactivity as insulin secretagogues and sensitizers. A detailed QSAR
analysis and proper molecular modifications of procyanidin oligomers (or others) may lead to a
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targeted and potentiated effect on L-cells, 3-cells, or peripheral tissues, that results in significant
improvements of their glucose-lowering abilities.

4. Conclusions

The potential antidiabetic actions of various polyphenols were reviewed, and it was found
that they are related, at least in part, to an increased secretion of glucagon-like peptide-1 (GLP1)
from intestinal L-cells, inhibition of dipeptidyl peptidase-4 (DPP4) that increases GLP1 half-life,
increased insulin secretion by (direct or indirect) 3-cell stimulation, and increased insulin sensitivity
on peripheral tissues (an effect that may be mediated by the PPARy transcription factor). Their effects
and mechanisms of action suggest that they may act in a comparable way to some pharmacological
antidiabetics, but further studies and clinical trials are required to support or counter this claim. Their
continued study at the basic and clinical levels may eventually yield newer classes of compounds that
prevent type-2 diabetes mellitus diabetes or mitigate its detrimental consequences on human health.

Acknowledgments: This work is part of Consejo Nacional de Ciencia y Tecnologia (CONACYT) Fronteras de
la Ciencia project 563: “Un enfoque multidisciplinario de la farmacocinética de polifenoles de mango Ataulfo.
Interacciones moleculares, estudios preclinicos y clinicos”. J. Abraham Dominguez Avila is thankful to CONACYT
for the postdoctoral fellowship he received during the writing of this review.

Author Contributions: All authors contributed equally to this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Association, A.A.D. Diagnosis and Classification of Diabetes Mellitus. Diabetes Care 2014, 37, S81-590.
[CrossRef] [PubMed]

2. Shaw, J.E,; Sicree, R.A.; Zimmet, P.Z. Global estimates of the prevalence of diabetes for 2010 and 2030.
Diabetes Res. Clin. Pract. 2010, 87, 4-14. [CrossRef] [PubMed]

3. Whiting, D.R.; Guariguata, L.; Weil, C.; Shaw, J. IDF Diabetes Atlas: Global estimates of the prevalence of
diabetes for 2011 and 2030. Diabetes Res. Clin. Pract. 2011, 94, 311-321. [CrossRef] [PubMed]

4. World Health Organization. W.H.O. Global Report On Diabetes. Available online: apps.who.int/iris/
bitstream /10665/204871/1/9789241565257_eng.pdf (accessed on 11 January 2017).

5. Seuring, T.; Archangelidi, O.; Suhrcke, M. The Economic Costs of Type 2 Diabetes: A Global Systematic
Review. Pharmacoeconomics 2015, 33, 811-831. [CrossRef] [PubMed]

6.  Holt, R1.G. Textbook of Diabetes, 4th ed.; Wiley-Blackwell: Chichester, West Sussex, UK; Hoboken, NJ, USA,
2010; p. 1119.

7. Goran, M.I; Ulijaszek, S.J.; Ventura, E.E. High fructose corn syrup and diabetes prevalence: A global
perspective. Glob. Public Health 2013, 8, 55-64. [CrossRef] [PubMed]

8. Koloverou, E.; Esposito, K.; Giugliano, D.; Panagiotakos, D. The effect of Mediterranean diet on the
development of type 2 diabetes mellitus: A meta-analysis of 10 prospective studies and 136,846 participants.
Metabolism 2014, 63, 903-911. [CrossRef] [PubMed]

9. Kallscheuer, N.; Vogt, M.; Marienhagen, J. A Novel Synthetic Pathway Enables Microbial Production of
Polyphenols Independent from the Endogenous Aromatic Amino Acid Metabolism. ACS Synth. Biol. 2017, 6,
410-415. [CrossRef] [PubMed]

10. Shahidi, F.; Ambigaipalan, P. Phenolics and polyphenolics in foods, beverages and spices: Antioxidant
activity and health effect-A review. J. Funct. Foods 2015, 18, 820-897. [CrossRef]

11. Nyambe-Silavwe, H.; Williamson, G. Polyphenol- and fibre-rich dried fruits with green tea attenuate
starch-derived postprandial blood glucose and insulin: A randomised, controlled, single-blind, cross-over
intervention. Br. . Nutr. 2016, 116, 443-450. [CrossRef] [PubMed]

12.  Campbell, C.L.; Foegeding, E.A.; Harris, G.K. Cocoa and Whey Protein Differentially Affect Markers of Lipid
and Glucose Metabolism and Satiety. J. Med. Food 2016, 19, 219-227. [CrossRef] [PubMed]

13. Grzegorczyk-Karolak, I.; Golab, K.; Gburek, J.; Wysokinska, H.; Matkowski, A. Inhibition of Advanced
Glycation End-Product Formation and Antioxidant Activity by Extracts and Polyphenols from Scutellaria
alpina L. and S. altissima L. Molecules 2016, 21, 1-10. [CrossRef] [PubMed]


http://dx.doi.org/10.2337/dc14-S081
http://www.ncbi.nlm.nih.gov/pubmed/24357215
http://dx.doi.org/10.1016/j.diabres.2009.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19896746
http://dx.doi.org/10.1016/j.diabres.2011.10.029
http://www.ncbi.nlm.nih.gov/pubmed/22079683
apps.who.int/iris/bitstream/10665/204871/1/9789241565257_eng.pdf
apps.who.int/iris/bitstream/10665/204871/1/9789241565257_eng.pdf
http://dx.doi.org/10.1007/s40273-015-0268-9
http://www.ncbi.nlm.nih.gov/pubmed/25787932
http://dx.doi.org/10.1080/17441692.2012.736257
http://www.ncbi.nlm.nih.gov/pubmed/23181629
http://dx.doi.org/10.1016/j.metabol.2014.04.010
http://www.ncbi.nlm.nih.gov/pubmed/24931280
http://dx.doi.org/10.1021/acssynbio.6b00291
http://www.ncbi.nlm.nih.gov/pubmed/27936616
http://dx.doi.org/10.1016/j.jff.2015.06.018
http://dx.doi.org/10.1017/S0007114516002221
http://www.ncbi.nlm.nih.gov/pubmed/27278405
http://dx.doi.org/10.1089/jmf.2015.0044
http://www.ncbi.nlm.nih.gov/pubmed/26987021
http://dx.doi.org/10.3390/molecules21060739
http://www.ncbi.nlm.nih.gov/pubmed/27314314

Molecules 2017, 22,903 14 of 16

14.
15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Holst, ].J. The physiology of glucagon-like peptide 1. Physiol. Rev. 2007, 87, 1409-1439. [CrossRef] [PubMed]
Baggio, L.L.; Drucker, D.J. Biology of incretins: GLP-1 and GIP. Gastroenterology 2007, 132, 2131-2157.
[CrossRef] [PubMed]

Mulvihill, E.E.; Drucker, D.]. Pharmacology, Physiology, and Mechanisms of Action of Dipeptidyl Peptidase-4
Inhibitors. Endocr. Rev. 2014, 35, 992-1019. [CrossRef] [PubMed]

Liu, M,; Sun, ].H.; Cui, ].Q.; Chen, W.; Guo, H.; Barbetti, F.; Arvan, P. INS-gene mutations: From genetics and
beta cell biology to clinical disease. Mol. Asp. Med. 2015, 42, 3—18. [CrossRef] [PubMed]

Liu, M.; Wright, J.; Guo, H.; Xiong, Y.; Arvan, P. Proinsulin Entry and Transit through the Endoplasmic
Reticulum in Pancreatic Beta Cells. Vitam. Horm. 2014, 95, 35-62. [PubMed ]

Boucher, J.; Kleinridders, A.; Kahn, C.R. Insulin Receptor Signaling in Normal and Insulin-Resistant States.
CSH Perspect. Biol. 2014, 6, 1-23. [CrossRef] [PubMed]

Kahn, S.E.; Hull, R.L.; Utzschneider, KM. Mechanisms linking obesity to insulin resistance and type 2
diabetes. Nature 2006, 444, 840-846. [CrossRef] [PubMed]

Ahren, B. DPP-4 inhibitors. Best Pract. Res. Clin. Endocrinol. 2007, 21, 517-533. [CrossRef] [PubMed]

Singh, A.K. Dipeptidyl peptidase-4 inhibitors: Novel mechanism of actions. Indian J. Endocr. Metab. 2014, 18,
753-759. [CrossRef] [PubMed]

Meier, J.J. GLP-1 receptor agonists for individualized treatment of type 2 diabetes mellitus. Natr. Rev. Endocrinol.
2012, 8, 728-742. [CrossRef] [PubMed]

Abdelmoneim, A.S.; Hasenbank, S.E.; Seubert, ].M.; Brocks, D.R.; Light, PE.; Simpson, S.H. Variations in
tissue selectivity amongst insulin secretagogues: A systematic review. Diabetes Obes. Metab. 2012, 14, 130-138.
[CrossRef] [PubMed]

Chen, M.; Hu, C.; Jia, W.P. Pharmacogenomics of glinides. Pharmacogenomics 2015, 16, 45-60. [CrossRef]
[PubMed]

Seaquist, E.R.; Anderson, J.; Childs, B.; Cryer, P.; Dagogo-Jack, S.; Fish, L.; Heller, S.R.; Rodriguez, H.;
Rosenzweig, J.; Vigersky, R. Hypoglycemia and Diabetes: A Report of a Workgroup of the American
Diabetes Association and the Endocrine Society. Diabetes Care 2013, 36, 1384-1395. [CrossRef] [PubMed]
Janani, C.; Ranjitha Kumari, B.D. PPAR gamma gene—A review. Diabetes Metab. Syndr. 2015, 9, 46-50.
[CrossRef] [PubMed]

Nagamine, R.; Ueno, S.; Tsubata, M.; Yamaguchi, K.; Takagaki, K.; Hira, T.; Hara, H.; Tsuda, T. Dietary sweet
potato (Ipomoea batatas L.) leaf extract attenuates hyperglycaemia by enhancing the secretion of glucagon-like
peptide-1 (GLP-1). Food Funct. 2014, 5, 2309-2316. [CrossRef] [PubMed]

Fujii, Y.; Osaki, N.; Hase, T.; Shimotoyodome, A. Ingestion of coffee polyphenols increases postprandial
release of the active glucagon-like peptide-1 (GLP-1(7-36)) amide in C57BL/6] mice. |. Nutr. Sci. 2015, 4, 1-9.
[CrossRef] [PubMed]

Thom, E. The effect of chlorogenic acid enriched coffee on glucose absorption in healthy volunteers and
its effect on body mass when used long-term in overweight and obese people. J. Int. Med. Res. 2007, 35,
900-908. [CrossRef] [PubMed]

Ryan, C.M.; Khoo, W.; Stewart, A.C.; O’Keefe, S.F; Lambert, ].D.; Neilson, A.P. Flavanol concentrations do
not predict dipeptidyl peptidase-IV inhibitory activities of four cocoas with different processing histories.
Food Funct. 2017, 8, 746-756. [CrossRef] [PubMed]

Gonzalez-Abuin, N.; Martinez-Micaelo, N.; Margalef, M.; Blay, M.; Arola-Arnal, A.; Muguerza, B,;
Ardevol, A.; Pinent, M. A grape seed extract increases active glucagon-like peptide-1 levels after an oral
glucose load in rats. Food Funct. 2014, 5, 2357-2364. [CrossRef] [PubMed]

Gonzalez-Abuin, N.; Martinez-Micaelo, N.; Blay, M.; Green, B.D.; Pinent, M.; Ardevol, A. Grape-seed
procyanidins modulate cellular membrane potential and nutrient-induced GLP-1 secretion in STC-1 cells.
Am. ]. Physiol. Cell Physiol. 2014, 306, C485-C492. [CrossRef] [PubMed]

Serrano, J.; Casanova-Marti, A.; Gil-Cardoso, K.; Blay, M.T.; Terra, X.; Pinent, M.; Ardevol, A. Acutely
administered grape-seed proanthocyanidin extract acts as a satiating agent. Food Funct. 2016, 7, 483—490.
[CrossRef] [PubMed]

Sayago-Ayerdi, S.G.; Velazquez-Lopez, C.; Montalvo-Gonzalez, E.; Goni, I. By-product from decoction
process of Hibiscus sabdariffa L. calyces as a source of polyphenols and dietary fiber. J. Sci. Food Agric. 2014,
94, 898-904. [CrossRef] [PubMed]


http://dx.doi.org/10.1152/physrev.00034.2006
http://www.ncbi.nlm.nih.gov/pubmed/17928588
http://dx.doi.org/10.1053/j.gastro.2007.03.054
http://www.ncbi.nlm.nih.gov/pubmed/17498508
http://dx.doi.org/10.1210/er.2014-1035
http://www.ncbi.nlm.nih.gov/pubmed/25216328
http://dx.doi.org/10.1016/j.mam.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25542748
http://www.ncbi.nlm.nih.gov/pubmed/24559913
http://dx.doi.org/10.1101/cshperspect.a009191
http://www.ncbi.nlm.nih.gov/pubmed/24384568
http://dx.doi.org/10.1038/nature05482
http://www.ncbi.nlm.nih.gov/pubmed/17167471
http://dx.doi.org/10.1016/j.beem.2007.07.005
http://www.ncbi.nlm.nih.gov/pubmed/18054733
http://dx.doi.org/10.4103/2230-8210.141319
http://www.ncbi.nlm.nih.gov/pubmed/25364668
http://dx.doi.org/10.1038/nrendo.2012.140
http://www.ncbi.nlm.nih.gov/pubmed/22945360
http://dx.doi.org/10.1111/j.1463-1326.2011.01496.x
http://www.ncbi.nlm.nih.gov/pubmed/21923736
http://dx.doi.org/10.2217/pgs.14.152
http://www.ncbi.nlm.nih.gov/pubmed/25560470
http://dx.doi.org/10.2337/dc12-2480
http://www.ncbi.nlm.nih.gov/pubmed/23589542
http://dx.doi.org/10.1016/j.dsx.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25450819
http://dx.doi.org/10.1039/C4FO00032C
http://www.ncbi.nlm.nih.gov/pubmed/25066255
http://dx.doi.org/10.1017/jns.2014.71
http://www.ncbi.nlm.nih.gov/pubmed/26097706
http://dx.doi.org/10.1177/147323000703500620
http://www.ncbi.nlm.nih.gov/pubmed/18035001
http://dx.doi.org/10.1039/C6FO01730D
http://www.ncbi.nlm.nih.gov/pubmed/28106217
http://dx.doi.org/10.1039/C4FO00447G
http://www.ncbi.nlm.nih.gov/pubmed/25088664
http://dx.doi.org/10.1152/ajpcell.00355.2013
http://www.ncbi.nlm.nih.gov/pubmed/24371039
http://dx.doi.org/10.1039/C5FO00892A
http://www.ncbi.nlm.nih.gov/pubmed/26514231
http://dx.doi.org/10.1002/jsfa.6333
http://www.ncbi.nlm.nih.gov/pubmed/23913523

Molecules 2017, 22,903 15 of 16

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Peng, C.H.; Yang, Y.S.; Chan, K.C.; Wang, C.J.; Chen, M.L.; Huang, C.N. Hibiscus sabdariffa Polyphenols
Alleviate Insulin Resistance and Renal Epithelial to Mesenchymal Transition: A Novel Action Mechanism
Mediated by Type 4 Dipeptidyl Peptidase. |. Agric. Food Chem. 2014, 62, 9736-9743. [CrossRef] [PubMed]
Stefoska-Needham, A.; Beck, E.J.; Johnson, S.K.; Chu, ].Y.; Tapsell, L.C. Flaked sorghum biscuits increase
postprandial GLP-1 and GIP levels and extend subjective satiety in healthy subjects. Mol. Nutr. Food Res.
2016, 60, 1118-1128. [CrossRef] [PubMed]

Anhé, FF; Roy, D.; Pilon, G.; Dudonné, S.; Matamoros, S.; Varin, T.V.; Garofalo, C.; Moine, Q.; Desjardins, Y.;
Levy, E.; et al. A polyphenol-rich cranberry extract protects from diet-induced obesity, insulin resistance and
intestinal inflammation in association with increased Akkermansia spp. population in the gut microbiota of
mice. Gut 2015, 64, 872-883. [CrossRef] [PubMed]

Dao, M.C.; Everard, A.; Aron-Wisnewsky, J.; Sokolovska, N.; Prifti, E.; Verger, E.O.; Kayser, B.D.; Levenez, F;
Chilloux, J.; Hoyles, L.; et al. Akkermansia muciniphila and improved metabolic health during a dietary
intervention in obesity: Relationship with gut microbiome richness and ecology. Gut 2016, 65, 426—-436.
[CrossRef] [PubMed]

Qin, B.L.; Dawson, H.D.; Schoene, N.W.; Polansky, M.M.; Anderson, R.A. Cinnamon polyphenols regulate
multiple metabolic pathways involved in insulin signaling and intestinal lipoprotein metabolism of small
intestinal enterocytes. Nutrition 2012, 28, 1172-1179. [CrossRef] [PubMed]

Yamashita, Y.; Okabe, M.; Natsume, M.; Ashida, H. Cinnamtannin A2, a Tetrameric Procyanidin, Increases
GLP-1 and Insulin Secretion in Mice. Biosci. Biotechnol. Biochem. 2013, 77, 888-891. [CrossRef] [PubMed]
Dorenkott, M.R.; Griffin, L.E.; Goodrich, K.M.; Thompson-Witrick, K.A.; Fundaro, G.; Ye, L.Y,; Stevens, J.R.;
Ali, M,; O'Keefe, S.F.; Hulver, M.W.; et al. Oligomeric Cocoa Procyanidins Possess Enhanced Bioactivity
Compared to Monomeric and Polymeric Cocoa Procyanidins for Preventing the Development of Obesity,
Insulin Resistance, and Impaired Glucose Tolerance during High-Fat Feeding. |. Agric. Food Chem. 2014, 62,
2216-2227. [CrossRef] [PubMed]

Muthukumaran, J.; Srinivasan, S.; Venkatesan, R.S.; Ramachandran, V.; Muruganathan, U. Syringic acid, a
novel natural phenolic acid, normalizes hyperglycemia with special reference to glycoprotein components in
experimental diabetic rats. J. Acute Dis. 2013, 2, 304-309. [CrossRef]

Evans, S.E; Meister, M.; Mahmood, M.; Eldoumi, H.; Peterson, S.; Perkins-Veazie, P; Clarke, S.L.; Payton, M.;
Smith, B.J.; Lucas, E.A. Mango supplementation improves blood glucose in obese individuals. Nutr. Metab.
Insights 2014, 7, 77-84. [PubMed]

Manzano, M.; Giron, M.D.; Vilchez, ].D.; Sevillano, N.; El-Azem, N.; Rueda, R.; Salto, R.; Lopez-Pedrosa, ].M.
Apple polyphenol extract improves insulin sensitivity in vitro and in vivo in animal models of insulin
resistance. Nutr. Metab. 2016, 13, 1-10. [CrossRef] [PubMed]

Torrénen, R.; Sarkkinen, E.; Niskanen, T.; Tapola, N.; Kilpi, K.; Niskanen, L. Postprandial glucose, insulin
and glucagon-like peptide 1 responses to sucrose ingested with berries in healthy subjects. Br. |. Nutr. 2012,
107, 1445-1451. [CrossRef] [PubMed]

De Bock, M.; Derraik, J.G.B.; Brennan, C.M.; Biggs, ].B.; Morgan, PE.; Hodgkinson, S.C.; Hofman, P.L.;
Cutfield, W.S. Olive (Olea europaea L.) Leaf Polyphenols Improve Insulin Sensitivity in Middle-Aged
Overweight Men: A Randomized, Placebo-Controlled, Crossover Trial. PLoS ONE 2013, 8, 1-8. [CrossRef]
[PubMed]

Matsuda, M.; DeFronzo, R.A. Insulin sensitivity indices obtained from oral glucose tolerance
testing—Comparison with the euglycemic insulin clamp. Diabetes Care 1999, 22, 1462-1470. [CrossRef]
[PubMed]

Bozzetto, L.; Annuzzi, G.; Pacini, G.; Costabile, G.; Vetrani, C.; Vitale, M.; Griffo, E.; Giacco, A.; De Natale, C.;
Cocozza, S.; et al. Polyphenol-rich diets improve glucose metabolism in people at high cardiometabolic risk:
a controlled randomised intervention trial. Diabetologia 2015, 58, 1551-1560. [CrossRef] [PubMed]

Satija, A.; Bhupathiraju, S.N.; Rimm, E.B.; Spiegelman, D.; Chiuve, S.E.; Borgi, L.; Willett, W.C.; Manson, J.E.;
Sun, Q.; Hu, EB. Plant-Based Dietary Patterns and Incidence of Type 2 Diabetes in US Men and Women:
Results from Three Prospective Cohort Studies. PLoS Med. 2016, 13, 1-18. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/jf5024092
http://www.ncbi.nlm.nih.gov/pubmed/25226384
http://dx.doi.org/10.1002/mnfr.201500672
http://www.ncbi.nlm.nih.gov/pubmed/26866508
http://dx.doi.org/10.1136/gutjnl-2014-307142
http://www.ncbi.nlm.nih.gov/pubmed/25080446
http://dx.doi.org/10.1136/gutjnl-2014-308778
http://www.ncbi.nlm.nih.gov/pubmed/26100928
http://dx.doi.org/10.1016/j.nut.2012.03.020
http://www.ncbi.nlm.nih.gov/pubmed/22858201
http://dx.doi.org/10.1271/bbb.130095
http://www.ncbi.nlm.nih.gov/pubmed/23563558
http://dx.doi.org/10.1021/jf500333y
http://www.ncbi.nlm.nih.gov/pubmed/24559282
http://dx.doi.org/10.1016/S2221-6189(13)60149-3
http://www.ncbi.nlm.nih.gov/pubmed/25210462
http://dx.doi.org/10.1186/s12986-016-0088-8
http://www.ncbi.nlm.nih.gov/pubmed/27141227
http://dx.doi.org/10.1017/S0007114511004557
http://www.ncbi.nlm.nih.gov/pubmed/21929838
http://dx.doi.org/10.1371/journal.pone.0057622
http://www.ncbi.nlm.nih.gov/pubmed/23516412
http://dx.doi.org/10.2337/diacare.22.9.1462
http://www.ncbi.nlm.nih.gov/pubmed/10480510
http://dx.doi.org/10.1007/s00125-015-3592-x
http://www.ncbi.nlm.nih.gov/pubmed/25906754
http://dx.doi.org/10.1371/journal.pmed.1002039
http://www.ncbi.nlm.nih.gov/pubmed/27299701

Molecules 2017, 22,903 16 of 16

51. Tresserra-Rimbau, A.; Guasch-Ferre, M.; Salas-Salvado, J.; Toledo, E.; Corella, D.; Castaner, O.; Guo, X.H.;
Gomez-Gracia, E.; Lapetra, J.; Aros, E; et al. Intake of Total Polyphenols and Some Classes of Polyphenols Is
Inversely Associated with Diabetes in Elderly People at High Cardiovascular Disease Risk. J. Nutr. 2016, 146,
767-777. [CrossRef] [PubMed]

52.  Ahmed, L.S.; Hassan, M.A.; Kondo, T. Effect of lyophilized grapefruit juice on P-glycoprotein-mediated drug
transport in-vitro and in-vivo. Drug Dev. Ind. Pharm. 2015, 41, 375-381. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.3945/jn.115.223610
http://www.ncbi.nlm.nih.gov/pubmed/26962181
http://dx.doi.org/10.3109/03639045.2013.866141
http://www.ncbi.nlm.nih.gov/pubmed/24303901
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	GLP1 and Insulin Signaling 
	GLP1 
	Insulin 
	Current Antidiabetics that Target Insulin or GLP1 

	Effects of Polyphenols on GLP1 and Insulin Signaling 
	Effects of Polyphenols on GLP1 
	Effects of Polyphenols on Insulin 
	Targeted Application of Polyphenolics as Antidiabetics 

	Conclusions 

