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A B S T R A C T

Poor dietary intake or unhealthy lifestyle contributes to various health disorders, including postprandial hyperglycemia, leading to type 2
diabetes mellitus (T2DM). Reduction of postprandial glucose concentrations through diet is a key strategy for preventing and managing
T2DM. Thus, it is essential to understand how dietary components affect glycemic regulation. Dietary polyphenols (DPs), such as antho-
cyanins and other phenolics found in various fruits and vegetables, are often recommended for their potential health benefits, although their
systemic effectiveness is subject to ongoing debate. Therefore, this review assesses the current and historical evidence of DPs bioactivities,
which regulate crucial metabolic markers to lower postprandial hyperglycemia. Significant bioactivities such as modulation of glucose
transporters, activation of AMP kinase, and regulation of incretins are discussed, along with prospects for diet-induced therapeutics to
prevent the onset of T2DM.
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This review uniquely synthesizes both current and historical data on the metabolic bioactivities of dietary polyphenols, particularly focusing
on their mechanisms—such as modulation of glucose transporters, AMP kinase activation, and incretin regulation—which may help lower
postprandial hyperglycemia, offering a more integrated understanding of diet-induced strategies for type 2 diabetes mellitus prevention.
Introduction

Diabetes is one of themajor noncommunicable diseases, along
with cardiovascular diseases, cancers, and respiratory diseases.
These four noncommunicable diseases cause 41 million deaths
annually, accounting for 74% of all premature global fatalities.
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Diabetes alone is responsible for 1.5 million deaths annually and
imposes a significant burden on health care systems [1]. Obesity,
lifestyle factors, genetic predispositions, and epigenetics are
majorly accountable for type 2 diabetes mellitus (T2DM) pro-
gression [2]. The International Diabetes Federation reported that
537 million people had diabetes globally in 2021, resulting in
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$966 billion in health expenditures, with costs projected to
exceed $1054 billion by 2045 [3–5]. Among the global diabetic
population, 90% experience T2DM, and 374million people are at
increased risk of developing it [5]. Currently, no effective
mechanism exists to prevent T2DM, which can limit its progres-
sion to an epidemic. Moreover, the increasing morbidity and
mortality from T2DM causes major concerns in the global health
sector.

T2DM primarily arises from persistent postprandial hyper-
glycemia and hyperinsulinemia, which result in insulin resis-
tance, pancreatic β-cell dysfunction, and inflammation [6].
Insulin resistance impairs proper insulin secretion and signaling,
leading to the development of T2DM. In contrast, glucagon
stimulates hepatic glycogenolysis and gluconeogenesis during
hypoglycemic conditions [7]. Both insulin and glucagon are vital
for maintaining fuel homeostasis, being released reciprocally in
response to blood glucose fluctuation. During the fed state, in-
sulin dominates by facilitating glucose uptake in target organs,
while in fasting conditions, glucagonmobilizes hepatic glucose to
maintain normal blood sugar concentrations [7]. In prolonged
hyperglycemia, the balance between glucagon and insulin action
weakens. During meals, incretin hormones like glucagon-like
peptide (GLP) 1 and gastric inhibitory peptide (GIP; also
known as glucose-dependent insulinotropic polypeptide) are
released from the gut endocrine cells, enhancing glucose-induced
insulin release and potentially accounting for �70% of post-
prandial insulin secretion (Figure 1) [8,9]. Impaired incretin
action or reduced secretion of incretin hormones may lead to the
onset of T2DM, especially in individuals with prediabetic con-
ditions or hyperglycemia [10,11].
FIGURE 1. Comparison of a healthy state with the pathophysiology of po
GIP, gastric inhibitory peptide; GLP, glucagon-like peptide.
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Dietary polyphenols (DPs) are naturally occurring compounds
found in various plant-based foods such as fruits, vegetables,
and whole grains and are known for their antioxidant, anti-
inflammatory, and metabolic effects [12,13]. The molecular
mechanism of DPs and their natural derivatives have potential
hypoglycemic or antidiabetic properties, which could be har-
nessed pharmaceutically to treat or manage T2DM and help to
achieve the Sustainable Development Goal (SDG target 3.4) by
reducing premature mortality. This review thus aims to evaluate
recent finding and historical data from various reports of DPs,
especially anthocyanins from berries, and their impact on
glucose transporters, AMP kinase (AMPK) activation, and
incretin regulation, which are key targets of diet-induced ther-
apies in the prevention and management of T2DM. The impact of
DPs on modulating glucose transporters (GLUTs), AMPK, and
incretins are reevaluated, discussed, and hypothesized with their
mechanisms of action for future relevance.
Current Management and Treatment Practices
for T2DM: Antidiabetic Drugs and Their Side
Effects

There is currently no specific medication that can completely
cure T2DM. However, it can be managed with existing drugs and
lifestyle changes [14]. Treatments to control hyperglycemia in
T2DM include noninsulin hypoglycemic agents such as bigua-
nides (metformin), sulfonylureas, thiazolidinediones (e.g. pio-
glitazone), and commonly used α-glucosidase inhibitors (e.g.
Acarbose) [15]. Metformin, a dimethyl biguanide, is the most
stprandial hyperglycemia leading to type 2 diabetes mellitus (T2DM).
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used drug for managing increased glycemic levels. It enhances
intestinal glucose uptake, elevates the GLP-1 concentrations, and
alters the microbiome [11]. However, research indicates that
some patients are intolerant to metformin due to reduced organic
cation transporter 1 transport in the intestine [16]. The mecha-
nism of action of these antidiabetic drugs and their efficacy in
patients experiencing side effects remain poorly understood
[17]. Thiazolidinediones are another class of oral antidiabetic
drugs that enhance insulin sensitivity by regulating adipocyte
differentiation [18]. However, their use can lead to several
complications and gastrointestinal side effects, including nausea,
diarrhea, stomach pain, vomiting, and loss of appetite, which
often occur together [19,20]. Therefore, replacing or supple-
menting existing antidiabetic drugs with natural compounds
having hypoglycemic or improved therapeutic properties to
minimal side effects may be beneficial in treating or preventing
the development of T2DM.

Studies indicate that T2DM can be prevented or at least
managed through a proper diet and healthy lifestyle [21,22].
However, modifiable risk factors for developing T2DM vary
across populations and include obesity, overnutrition or under-
nutrition (including malnutrition in the womb and early life),
and physical inactivity [23]. An unhealthy diet leading to
excessive body fat is one of the strongest risk factors for devel-
oping T2DM. Nutritional transitions that increase risk of T2DM
typically involve higher consumption of animal fat, decreased
fiber intake, and frequent consumption of fast foods [21]. WHO’s
fact sheet on healthy diets for adults recommends consuming
�400 g (5 portions) of fruits and vegetables daily. These foods
contain a wide variety of DPs, which can help in reducing the
burden of chronic cardiovascular diseases, obesity, and T2DM
[24]. Therefore, an ideal solution to manage the increasing
incidence of T2DM is to develop nutritional strategies alongside
cost-effective, natural therapeutic/antidiabetic drugs with min-
imal or no side effects [25]. This approach would benefit not
only people with T2DM but also those with prediabetes. Pre-
venting T2DM is more cost-effective than treating its complica-
tions, which can be achieved by maintaining a proper diet and
healthy lifestyle [26]. On the contrary, the overall health bene-
fits of natural or dietary compounds are uncertain, and caution
should be exercised before encouraging their widespread con-
sumption until further research clarifies their effects [27,28].

Dietary Polyphenols

Phytochemicalswith phenol rings are classified as polyphenols,
which are further categorized based on their origin, biological
function, and chemical structures. DPs are a group of secondary
metabolites, that are, organic compounds produced by plants that
are not essential for the plant’s normal development but play a
vital role in the plant’s defense mechanisms. DPs are commonly
found in fruits, vegetables, wine, tea, extra virgin olive oil, choc-
olate, and other cocoa products. These polyphenols are primarily
derivatives and/or isomers of flavones, isoflavones, flavonols,
catechins, and various phenolic acids such as caffeic acid, chloro-
genic acid, and ferulic acid [12,13]. Flavonoids are the most
extensively studied group of DPs, with anthocyanins being
particularly notable due to their suggested bioactivities at various
cellular targets. Anthocyanins and plant polyphenols have
3

potential antidiabetic properties, which may help regulate post-
prandial glucose concentrations. They are natural products found
in fruits, vegetables, cereals, dry legumes, chocolate, and bever-
ages, suchas tea, coffee, orwine [29]. Several studies have showna
link between fruit consumption and reduced postprandial blood
glucose concentrations,with soft fruits, especially berries, standing
out for their high concentrations of bioactive components,
particularly anthocyanins [30,31].

DPs fromberries have beenused in traditionalmedicines [32] to
treat diabetic symptoms. Recently, they have been recognized as
promising candidates for the prevention andmanagement of T2DM
due to their various biochemical and cellular bioactivities [33,34].
The bioactive compoundglucosylated anthocyanins fromhighbush
blueberries exhibits antioxidant activity and has been found to
inhibit carbohydrate-hydrolyzing enzymes such as α-amylase and
α-glucosidase. Synthetic drugs such as acarbose, miglitol, and
voglibose are commonly used to inhibit the actionofα-amylase and
α-glucosidase enzymes in patients with T2DM. However, these
drugs can cause various side effects, including abdominal disten-
tion, flatulence, meteorism, and possibly diarrhea [35].

Anthocyanins as Insulin Secretagogues

Anthocyanins, which are sugar conjugates of anthocyanidins,
are plant metabolites responsible for the pink, red, purple, and
blue colors in the epidermal tissues of certain berries, fruits, veg-
etables, flowers, and grains [36]. The most common dietary
anthocyanidins (aglycone form of anthocyanins) are delphinidin,
cyanidin, malvidin, pelargonidin, peonidin, and petunidin [37].
Anthocyanins vary depending on number of hydroxyl groups, the
attachment site of the sugar units, the type of sugar (e.g. arabinose,
galactose, glucose, rhamnose, and xylose frequently encountered),
glycosidic linkage (α or β linkage), and complexity of the sugars
(monosaccharides, disaccharides, and trisaccharides) [38].
Anthocyanins are proposed as insulin secretagogues, with the first
report of insulin secretion induced by these compounds in
pancreatic β cells reported by Jayaprakasam et al. [39]. Antho-
cyanins influence adipocyte function, potentially limiting the
development of obesity and related metabolic diseases [40,41].

Preclinical data indicate that anthocyanins regulate adipose
tissuemetabolism by improving adipocyte dysfunction, enhancing
β-oxidation, and reducing fat accumulation on adipocytes [42].
Extractable and nonextractable fractions of table grapes in male
C57BL/6J mice demonstrated that the anthocyanin-rich extract-
able fractions mitigated metabolic consequences such as
decreased adiposity, improved insulin resistance, and reduced
markers of inflammation associated with a high-fat diet [43].

Epidemiologic and cohort studies indicate that increased
consumption of anthocyanins may reduce risk of developing
T2DM, suggesting that overweight or obese individuals should
consider consuming more anthocyanin-rich foods to prevent the
onset and progression of T2DM [44,45]. The potential mecha-
nisms underlying the antidiabetic properties of anthocyanins
may involve inhibiting body weight gain, preventing the pro-
duction of free radicals and lipid peroxidation, regulating in-
flammatory response, lowering blood glucose and lipids, and
improving insulin resistance (Figure 2) [45]. These studies
suggest that anthocyanins interact with various complex cellular
signaling pathways, including transcription factors and



FIGURE 2. Anthocyanin exerts a combined antidiabetic effect through several mechanisms. They enhance insulin sensitivity while reducing body
weight gain, oxidative stress, inflammatory response and plasma LDL-cholesterol and blood glucose concentrations. These effects involve
interactions with key factors other than AMP kinase (APMK) phosphorylation or modulating glucose uptake in various organs, such as peroxisome
proliferator-activated receptor (PPAR) γ, TNF-α, IL-6, monocyte chemoattractant protein (MCP)-1, and nuclear factor (NF)-κ light-chain enhancer
of activated B cells.
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associated enzymes, synergistically producing hypoglycemic and
antidiabetic effects.

The pharmacokinetic profile derived from various in vivo and
in vitro studies suggests that anthocyanins are absorbed, metabo-
lized, distributed, and excreted with beneficial health implications
[46,47]. According to Matsumoto et al., based on animal [48] and
human studies [49], anthocyanins are rapidly absorbed within 6
and 20min after ingestion and reach the bloodstream intact within
15 and 60min.However, de Ferrars et al. [50] concluded that their
clearance involves multiple processes, including enterohepatic
recirculation, hepatic recycling, and microbial metabolism, with
prolonged intestinal absorption occurring from both the small and
large intestines. Mazza et al. [51] observed that 0.002%–0.003%
(or 20–30 ppm) of anthocyanins were detected in human serum 3
h after ingestion, a finding corroborated with the results reported
by Matsumoto et al. [49]. The correlation between serum antho-
cyanin concentrations and enhanced postprandial antioxidant
status has been significantly demonstrated with berries con-
sumption, owing to their high anthocyanin contents [52,53].
Therefore, extensive research but limited clinical studies suggest
that dietary anthocyanins, particularly those from soft fruits like
berries, could potentially improve insulin resistance and provide
health benefits in diabetic conditions.

Impact of DPs on Carbohydrate Digesting
Enzymes and Intestinal GLUTs

DPs, especially those from berries, have demonstrated effec-
tiveness in reducing sucrose digestion and absorption, leading to a
4

delayed glycemic response [30,54]. DPs target specific sites, pri-
marily digestive enzymes and cellular glucose uptake in various
parts of the gastrointestinal tracts—such as the mouth, stomach,
and small and large intestines for diverse health effects. However,
despite their immediate contact in the digestive tract postintake,
the mechanisms of action of these bioactive compounds in these
setting remains elusive [31]. It is conceivable that berry poly-
phenols act in the digestive tract initially by inhibiting α-amylases
in the mouth, subsequently inhibiting the action of α-glucosidases
and modulating sugar transporters, such as sodium-dependent
glucose cotransporter (SGLT) 1, GLUT2, and GLUT5, across the
small intestine to potentially reduce risk of T2DM.

After a meal is ingested, the initial stage of carbohydrate
breakdown occurs in the mouth where salivary α-amylase hy-
drolyses α (1→4) bonds in large polysaccharides like starch and
glycogen into disaccharides such as maltose [55,56]. Carbohy-
drates that remain undigested in the partially digested food bolus
exiting the stomach [57] are further broken down into mono-
saccharides by the α-glucosidase enzyme located in the
brush-border of enterocytes in the jejunum of the small intestine,
where they are absorbed in the upper jejunum [58]. In this
postprandial state, families of glucose transporters or carriers in
the small intestine become activated, facilitating the transport of
diet-derived monosaccharides (glucose) predominantly through
SGLT1 and GLUT2 into the epithelial cells of the small intestine
[59,60]. As a result, excessive glucose absorption during carbo-
hydrate digestion in the digestive tract contributes to post-
prandial hyperglycemia or T2DM, as illustrated in Figure 3.
Therefore, inhibiting the breakdown of carbohydrates into



FIGURE 3. Systemic mechanisms of action of carbohydrate digesting enzymes and glucose transporters (GLUTs) in facilitating cellular glucose
uptake across various phases of the human gastrointestinal/digestive tract.
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simple sugars, thereby reducing glucose absorption and/or
transport across the small intestine, emerges as a strategic target
for individuals experiencing elevated blood glucose concentra-
tions after meals or postprandial hyperglycemia.

GLUTs, also known as membrane transporter proteins, facil-
itate the transport of glucose across the plasma membrane.
GLUTs consist of ~500 amino acid residues and are classified
into various groups based on their amino acid sequences [61].
Among the well-studied GLUTs involved in intestinal glucose
absorption and transportation are SGLT1, GLUT2, and GLUT5,
which facilitate the transport of dietary fructose across the in-
testinal apical membrane in its monosaccharides form. Studies
on glucose uptake have indicated that DPs interact directly with
glucose transporters to modulate the rate of glucose absorption
[62–64]. Glucose absorption in the intestine primarily occurs
through active transport mediated by the sodium-dependent
glucose transporter SGLT1 and facilitated sodium-independent
transport mediated by the GLUT2 [65,66]. These studies have
demonstrated that DPs can reduce intestinal glucose absorption
and lower postprandial plasma glucose by inhibition of active
uptake via SGLT1 and facilitated transport by GLUT2 [64].
Compounds such as chlorogenic, ferulic, caffeic, and tannic
acids, quercetin monoglucosides [67], tea catechins [68], and
naringenin [69] inhibit glucose transport by SGLT1, which is
sodium dependent. Similarly, anthocyanin-rich berry extract
inhibits glucose uptake in human intestinal Caco-2 cells, sug-
gesting that berry flavonoids may regulate postprandial glycemia
by reducing GLUT2 expression [70].

Under sodium-dependent conditions, glucose uptake can be
inhibited by flavonoid glycosides and nonglycosylated poly-
phenols, while aglycones and phenolic acids show no effect.
Conversely, under sodium-free conditions, aglycones and non-
glycosylated polyphenols can inhibit glucose uptake, whereas
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glycosides and phenolic acids remain ineffective. This suggested
that aglycones inhibit facilitated glucose uptake, whereas glyco-
sides inhibit the active transport of glucose [71]. Barik et al. [72]
tested a range of physiologically relevant concentrations (0.66–66
μg/mL) of anthocyanins and other phenolics from various berries
on intestinal GLUTs in vitro. They discovered that anthocyanins
were unable to cross the intestinal epithelium and did not inhibit
GLUTs, whereas other phenolics at the same concentrations did
inhibit them. The reason could be attributed to the following: 1)
low bioavailability of anthocyanins in the gastrointestinal tract; 2)
insufficient effective concentrations of anthocyanins to inhibit
the GLUTs; or 3) structural differences within the broad class of
DPs.

Enzymatic hydrolysis of polyphenolic compounds derived from
a variety of herbs, spices, and seeds significantly increased
phenolic acids and flavonols. This increase subsequently reduced
glucose transport across Caco-2 intestinal cells by interacting with
the GLUT2 transporter family, leading to decreased glucose ab-
sorption and suggesting potential hypoglycemic effects [73].
These findings indicate that enzymatic hydrolysis of DPs may
modulate glucose transporters, potentially contributing to a posi-
tive impact on reducing postprandial hyperglycemia. It is also
suggested that DPs influence peripheral glucose uptake in both
insulin-sensitive and non–insulin-sensitive tissues [74]. Green
rooibos extract, a herbal tea containing the polyphenol aspalathin,
was studied for its effects, demonstrating increased glucose uptake
in conditions without insulin and inducing phosphorylation of
AMPK in L6myotubes. The extract also promotes phosphorylation
of Akt, which facilitates GLUT4 translocation in L6myotubes [75].

Treatment with phytochemicals such as eugenol and areco-
line significantly increased the expressions of GLUT4 and PI3K
genes, leading to enhanced 2-deoxyglucose uptake in L6 myo-
tubes, when compared with the standard oral hypoglycemic
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drugs such as metformin and 2,4-thiazolidinedione [76].
Increased deoxyglucose uptake was observed in differentiated
C2C12 muscle cells and 3T3-L1 adipocytes treated with extracts
from Vaccinium angustifolium (blueberry). The stem, leaf, and
fruit extracts of V angustifolium are also reported to reduce
apoptosis (i.e. programmed cell death) by 20%–33% in PC12
cells exposed to high glucose concentrations for 96 h, demon-
strating protective effects against glucose cytotoxicity and
exhibiting properties similar to insulin and glitazone [77].

In a 15-week-old obese Zucker rat (an insulin-resistant
model), the beneficial effect of apple polyphenol extract on in-
sulin sensitivity in skeletal muscle cells was assessed using a meal
tolerance test. The apple polyphenol extract, in synergy with
insulin, significantly enhanced insulin sensitivity and increased
the glucose infusion rate by 45%. The increase in glucose uptake
was mediated by GLUT4 translocation in muscle cells, involving
the phosphoinositide 3-kinase and peroxisome proliferator-
activated receptor (PPAR) γ signaling pathways [64]. Similarly,
cinnamon extracts rich in DPs have shown a potential to enhance
insulin signaling and GLUT4 translocation in Swiss albino mouse
embryo fibroblast line 3T3-L1 adipocytes [78] and to increase
glucose uptake in insulin-resistant rats induced by a high fructose
diet [79,80]. The DPs’ mediated regulation of glucose
FIGURE 4. Dietary polyphenols (DPs) activate AMPK via associated pathw
evidenced by various studies on the activation of AMP kinase (AMPK) with
(EGCG), cyanidin-3-glucoside (C3G), theaflavin-3,3-digallate (TF3), live
dependent protein kinase (CaMkkβ), phosphoenolpyruvate carboxykinase
manganese superoxide dismutase (MnSOD), mitochondrial cytochrome C
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metabolism, through increased or decreased glucose uptake, may
offer beneficial effects in the treatment or management of T2DM.

DPs Activate AMPK

AMPK is a key enzyme in cellular energy homeostasis and plays
a major role in metabolic regulation. In hyperglycemic patients,
activating AMPK can create a balance between interdependent el-
ements, therebymaintainingblood glucose concentrations through
subsequent physiologic processes. The activation of AMPK pri-
marily occurs in response to changes in intracellular energy con-
centrations. High cellular energy requirements lead to increased
concentrations of AMP. The increased AMP/ATP ratio activates
upstream kinases, including the AMPKK (AMP-activated protein
kinase kinase), liver kinase B1–STRAD–MO25 protein complex,
which phosphorylates Thr172, resulting in AMPK activation.
Another pathway for AMPK activation involves Ca2þ/calmodulin-
dependent protein kinase, which responds to an elevation of Ca2þ

concentration in the cell cytoplasm. Activated AMPK reduces he-
patic glucose production by inhibiting gluconeogenic enzymes
phosphoenolpyruvate carboxykinase and glucose 6-phosphatase
and facilitates the translocation of GLUT4 and GLUT1,
leading to increased glucose uptake in adipocytes (Figure 4).
ays. The proposed mechanisms of action for individual DPs have been
in the intracellular system. Key DPs include epigallocatechin-3-gallate
r kinase (LK) B1, acetyl-CoA carboxylase (ACC), Ca2þ/calmodulin-
(PEPCK), glucose-6-phosphate (G6pase) forkhead-boxO3A (FoXO3A),
oxidase subunit-1 (Mt-Cox1), sirtuin (SIRT) 1, and cAMP.
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Activation of AMPK by DPs has been observed at much higher
concentrations compared with that by the primary antidiabetic
drug metformin [81]. A study on mice with T2DM indicated that
anthocyanins activate the AMPK pathway, leading to an
upregulation of GLUT4 transporter in skeletal muscle and a
downregulation of gluconeogenesis in the liver in response to
insulin [82]. In 3T3-L1 adipocytes, cyanidin-3-glucoside signif-
icantly enhanced the AMPK activation and protected high
glucose-induced lipolysis [83].

Enhanced insulin-dependent glucose uptake through the acti-
vation of the AMPK pathway in in vitro conditions [84] shows
potential for treating metabolic disorders like T2DM and obesity
[85]. Similarly, Guo et al. [83] found that cyaniding-3-glucoside
supplementation improved insulin sensitivity in high fat–fed
and obese db/db mice via the transcription factor Forkhead box
class O1. A recent study with ethanol extracts of Alnus incana and
Sarracenia purpurea stimulated glucose uptake in C2C12
muscle cells by increasing GLUT4 expression and involving
the AMPK pathway through Akt. The authors identified
quercetin-3-O-galactoside and 3-O-α-L-arabinopyranoside as
active antidiabetic phytochemicals in Canadian medicinal plants
[86]. Eid et al. [87] concluded that the berries of Vaccinium viti-
s-idaea contain active quercetin and quercetin glycosides that
enhance muscle cell glucose uptake in muscle cells. These active
compounds exert their antidiabetic effects through the AMPK
signaling pathway, specifically by the action of the quercetin
aglycone on mitochondrial energy transduction.

Likewise, theaflavin-3,30-gallate (TF3), a polyphenol found in
black tea, activates AMPK and is essential for TF3 effects on
PPARα upregulation, reversal of Forkhead box class O3A inacti-
vation and insulin-induced suppression of manganese superoxide
dismutase. The overexpression of manganese superoxide dis-
mutase reduced intracellular lipid accumulation, indicating the
activity of TF3 in 3T3-L1 adipocytes [88]. The antidiabetic action
of stilbenes is believed to occur through the modulation of sirtuin
1 (a key metabolic sensor contributing to cellular regulation),
which improved whole-body glucose homeostasis in insulin
sensitivity in diabetic rats [89]. Chen et al. [90] reported that
resveratrol likely prevents the onset of insulin resistance by in-
hibition of Kþ ATP and Kþ V channel in β cells in diabetic rats.
However, when Hawley et al. [91] used isogenic cell lines
expressing AMP-insensitive (R531G) AMPKγ2 subunit variants to
investigate the mechanisms of AMPK activation by resveratrol,
berberine, and quercetin, they found that these dietary com-
pounds were unable to activate AMPK. Plausibly, these DPs could
follow multiple pathways due to subtle structural differences
within cells, and therefore, further studies on these specific DPs
could elucidate the underlying molecular mechanisms in AMPK
activation. Despite these discrepancies, none of the studies re-
ported detrimental effects of these DPs, suggesting their potential
in developing nutraceuticals warrants further investigation.
Role of Incretins in Energy Homeostasis and
Their Regulation by DPs on Dipeptidyl
Peptidase IV Inhibition

Incretins are a group of metabolic gut hormones that help
lower blood glucose concentrations by promoting insulin secre-
tion from pancreatic β cells after a high-glucose meal. There are 2
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types of incretins: GIP and GLP-1 [10]. GLP-1 is a neuropeptide
secreted by enteroendocrine L-cells in the small and large in-
testines [92] and can help in reducing blood glucose plasma
concentrations [93]. Similarly, GIP is a 42-amino acid peptide
secreted by enteroendocrine K cells in the duodenum and
jejunum and is present in the gastrointestinal mucosa. In T2DM
conditions, GIP becomes less effective in glucose-dependent in-
sulin secretion, and GLP-1 loses its insulinotropic properties due
to its reduced ability to suppress glucagon function in the
pancreas. Their reduced effectiveness in β-cell function can be
problematic, making these compounds that activate GLP-1
receptors to enhance insulin secretion increasingly important.

Since individuals with T2DM often have reduced GLP-1
secretion, improving its bioactivity in an insulin-deficient state
is challenging. A significant issue is the inhibiting of the dipep-
tidyl peptidase (DPP)-IV serine protease enzyme, which simul-
taneously cleaves GLP-1 after secretion following a meal, thus
shortening its half-life. Therefore, GLP-1 secretagogues are
promising targets in T2DM as they can enhance reduced incretin
actions. While synthetic drugs like sitagliptin, vildagliptin, and
saxagliptin are available to inhibit DPP-IV, emerging evidence
suggests that natural DPs can also act as DPP-IV inhibitors, of-
fering a diet-based therapeutic approach with minimal or no side
effects. DPs have the potential to stimulate GLP-1 secretion from
intestinal L-cells by increasing the half-life and inhibiting DPP-IV
activity [94,95]. This results in increased insulin secretion
through direct or indirect β-cell stimulation and improved insu-
lin sensitivity in peripheral tissues, potentially mediated by the
PPARγ transcription factor [95]. PPARγ activation leads to
enhanced insulin secretion by upregulating the gene for incretin
hormone GLP-1, along with other insulin growth factors, before
the activation of adenylyl cyclase and cAMP when treated with a
blend of berry polyphenols rich in anthocyanin, both directly in
iNS-1E pancreatic β cells and following simulated absorption
through human intestinal Caco-2 cells [96].

Primarily, the anthocyanin delphinidin-3-arabinoside has
demonstrated the ability to modulate DPP-IV and its substrate
GLP-1, leading to increased insulin secretion and upregulation of
mRNA expression of insulin receptor–associated genes and pro-
teins in pancreatic β cells [96]. The potential of Hibiscus sab-
dariffa Linn, known for its rich in anthocyanins content, was
recently evaluated for its ability to induce GLP-1 secretion in the
ileum and its effect on pancreatic β cells in diabetic rats. When
they were fed with H sabdariffa (500 mg/kg of body weight),
they had GLP-1 concentrations comparable with those of normal
rats (P > 0.05), likely due to active ingredients such as leucosin,
which binds to SGLT-1.

Similarly, delphinidin from H sabdariffa binds to G pro-
tein–coupled receptors in the diabetes mellitus rat pancreas,
which enhances GLP-1 secretion in the ileum [97]. These find-
ings suggest that DPs contribute to insulin secretion in pancreatic
β cells by promoting increased insulin release, enhancing β-cell
proliferation, and reducing β-cell apoptosis. Furthermore,
computational modeling of berry polyphenolics indicated that
DPs (flavonoids) could directly dock into the active sites of
DPP-IV through hydrogen bonding, thereby inhibiting its activity
[98]. This suggests bioactive DPs may act as natural DPP-IV in-
hibitors, thereby enhancing GLP-1 incretins and functioning as
agonists of GLP-1 receptors. GLP-1 stimulates pancreatic β-cell
activation for glucose-induced insulin secretion through GLP-1
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receptor activation. This process triggers the activation of ade-
nylyl cyclase and cAMP via ATP, leading to the activation of
secondary pathways such as the cAMP-dependent protein kinase
and cAMP–guanine nucleotide exchange factor II [99]. A hypo-
thetical illustration on how DPs activate GLP-1 receptors and
inhibit DPP-IV is represented in Figure 5.

Ingesting coffee polyphenols enhanced the postprandial
release of active GLP-1 amide in C57BL/6J mice, potentially due
to increased insulin sensitivity through the cAMP-dependent
FIGURE 5. Schematic representation of dietary polyphenols (DPs) such as
for insulin secretion. The illustration shows the activation of GLP-1 recept
mechanism of action (indicated by solid arrows) for insulin secretion
signal–regulated protein kinase; GEF, guanine nucleotide exchange factor;
IGFBP, insulin-like growth factor–binding protein; IGFR, insulin-like gro
activated protein kinase; NSCC, nonselective cationic conductance; PDX1
motor factor 1; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; PK
vascular endothelial growth factor.
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pathway, which may have helped to reduce risk of developing
T2DM [100]. Oral administration of coffee polyphenols
increased diet-induced active GLP-1 secretion and decreased GIP
release. Similarly, the addition of coffee polyphenols to human
enteroendocrine NCI-H716 cells resulted in a dose-dependent
increase in GLP-1 secretion [100].

In a 3-way, randomized crossover study, chlorogenic acid—a
major polyphenol in coffee was found to reduce intestinal glucose
absorption, affecting theGIP andGLP-1 profiles and suggesting an
dipeptidyl peptidase (DPP)-IV inhibitor and their bioactivities on β cell
ors (GLP-1R) by DPs (illustrated by dotted arrows) and their proposed
through various intracellular signaling responses. ERK, extracellular
GLP, glucagon-like peptide; GLP-1R, glucagon-like peptide 1 receptor;
wth factor receptor; IRS, insulin receptor substrate; MAPK, mitogen-
, pancreatic and duodenal homeobox 1—also known as insulin pro-
, protein kinase; VDCC, voltage-dependent calcium channel; VEGF,



TABLE 1
Bioactivities of DPs and their proposed antidiabetic mechanisms, supported by in vitro, animal, and human studies.

Bioactivities Mechanism of actions Reference

Anti-inflammatory Reduces activation of proinflammatory markers such as IL-6 and TNF-α, while boosting
the anti-inflammatory response

[105,106]

Antioxidant Scavenge free radicals and chelators metal ions, which increases the hepatic superoxide
dismutase (SOD) and catalase activities and thus activates the action of antioxidative enzymes

[107–109]

Protects pancreatic β cells
against glucose toxicity

Protect β cells from damage by enhancing pancreatic insulin production and its release under
high glucose concentrations

[110–112]

Increases insulin resistance Achieves hypoglycemic effects by effectively facilitating glucose transporter (GLUT) 4–dependent
glucose uptakes in cells and tissues

[64,113,114]

Inhibits α-amylases and
α-glucosidases and regulates
postprandial hyperglycemia

Lowes starch digestion in the mouth and its absorption in the small intestine by inhibiting the
enzyme activities, thereby reducing glucose absorption and suppressing postprandial hyperglycemia

[72,115–117]

Reduced intestinal glucose
absorption

Inhibits active uptake of intestinal glucose via sodium-dependent glucose transporter 1and
facilitated transport through sodium-independent GLUT2

[70,72,118]

Reduced intestinal glucose
transportation

Reduces the transport of carbohydrates from the small intestine into the portal vein and then to the
liver, helping to prevent excessive glucose production

[119,120]

Activates AMP kinase Increases AMP:ATP ratio by targeting direct or indirect molecular targets, thereby maintaining
energy homeostasis

[121,122]

Incretin secretagogues Stimulate L-cells to secrete glucagon-like peptide 1 and extends its half-life by inhibiting
dipeptidyl peptidase-4, thereby enhancing insulin sensitivity

[96,104,123,124]
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antagonistic effect on glucose transport in 9 healthy subjects
[101]. Evidence supports the notion that coffee polyphenols,
particularly chlorogenic acid, increase the secretion of incretins
[102]. However, contrasting evidence from acute human studies
indicated that ingesting 1 g of chlorogenic acid with 75 g of
glucose did not significantly affect blood GLP-1 concentrations in
overweight men [103]. Moreover, chlorogenic acid did not
improve insulin sensitivity and had no significant effect on post-
prandial GLP-1 secretion in either NCI-H716 cells or rats [104].
These discrepancies raise questions about the efficacy of chloro-
genic acid in aiding incretin secretion, necessitating further
investigation into its mechanisms of action. It is important to note
that bioactivities of individual DPs can vary across studies due to
factors such as dosage, mode of treatment, and structural modi-
fication of the compound, which must be carefully considered to
avoid inconsistencies in experimental settings.
Conclusion and Future Prospects

This comprehensive review formed from various studies
found that higher intake of DPs may decrease risk of developing
T2DM, which is primarily due to the favorable effects of DPs on
reducing blood glucose concentrations through several mecha-
nism of actions (Table 1) [64,70,72,96,104–124]. Consuming
DP-rich soft fruits with or shortly after a carbohydrate-rich meal
can lower blood glucose concentrations by acting on carbohy-
drate metabolizing enzymes and glucose transporters. DPs were
shown to enhance glucose uptake in both insulin-sensitive and
non–insulin-sensitive tissues, influence intestinal glucose ab-
sorption and various signaling pathways, and improve secretion
of intestinal GLP-1, extending its half-life and inhibiting DPP-IV.
Epidemiologic studies also suggest that DPs can reduce post-
prandial hyperglycemia and help in preventing T2DM. However,
results are inconsistent due to complex human physiology, and in
some cases, the DPs may not have performed as expected,
especially in the limited number of well-designed human trials
conducted to date. Moreover, whole diets or drinks containing
9

DPs make it difficult to identify the impact of individual dietary
compounds on glucose homeostasis. Conversely, studies on
specific DPs often miss the interaction between bioactive com-
pounds and face challenges like the instability, availability, and
cost-effectiveness of purified phenolic compounds.

To develop safer and more effective nutraceuticals or func-
tional foods, it is crucial to identify and characterize individual
bioactive compounds from DP-rich foods. Notably, berries, rich
in flavonoids, especially anthocyanins, have shown significant
health benefits in regulating the underlying mechanisms of
T2DM. Their availability and ease of consumption make berries
promising nutraceuticals. However, current data on optimal
doses and effective concentrations in humans and animals are
inconsistent, requiring careful consideration before their indus-
trial use. Furthermore, the above-discussed preclinical data show
promising results and do not overstate the therapeutic potential
of DPs, however, more clinical studies are needed to validate
these findings and clarify where current evidence is still
exploratory. Identifying the circulating metabolites and their
systemic structural modifications is crucial in understanding the
effects and bioactivities in human physiology. DPs’ bioactivities
depend on various metabolites, not just their native forms, and
considering T2DM complexity, it is essential to grasp how it
eventually affects DPs’ pharmacology. Further research is
needed to determine novel dietary compounds and advance the
industrial use of DPs for managing T2DM.
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