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Abstract. The incidence of type 2 diabetes mellitus (T2DM) has reached near-epidemic proportions in the Western world
with other parts of the world following close behind. Glycemic control is paramount in type 1 diabetes mellitus (T1DM)
and T2DM. Berries may beneficially influence glycemic control through the action of their polyphenolic components. While
clinical studies on the anti-diabetic effects of berry polyphenols are limited, epidemiological data have indicated favorable
effects of berry/anthocyanins intake on development and/or management of T2DM. Furthermore, data derived from in vivo
animal studies and in vitro cell culture models are promising. Various molecular targets and modulation of cell signaling
pathways in pancreatic �-cells, hepatocytes, adipocytes, and skeletal muscle cells are among the proposed mechanisms for
berry polyphenols and their metabolites’ action. Berry polyphenols may exert anti-diabetic effects by (i) enhancing insulin
production and reducing apoptosis and promoting proliferation of pancreatic �-cells, (ii) regulating glucose metabolism
by interfering with absorption or by increasing peripheral tissue glucose uptake through insulin receptor-dependent or
independent mechanisms via modification of oxidative stress, inflammation or perceived energy status of cell. This mini
review discusses recent findings from our laboratory and other studies on the anti-diabetic effects of berry polyphenolic
compounds with special emphasis on the cellular and molecular mechanisms involved in the beneficial effects of berry
polyphenol compounds.
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1. Introduction

Increased incidence of type 2 diabetes mellitus (T2DM) presents a significant health burden in the United
States of America (USA) and other parts of the world. Recent data indicates that in USA, ∼9.1% of the age
–adjusted population had diabetes in 2014 and an additional 86 million adults had prediabetes [1]. According to
the World Health Organization (WHO) report, the prevalence of diabetes among adults over 18 years of age was
8.5% in 2014 [2]. Current projections by the Center for Disease Control and Prevention (CDC) predict that over
half of the U.S. population will have diabetes or prediabetes by 2020 [3]. The etiology of T2DM is complex in
that it results from defects in insulin secretion from the pancreas, impaired action on peripheral insulin sensitizing
cells, or a combination of both [4].
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There are two major classifications of diabetes mellitus. Type 1 diabetes mellitus (T1DM) is associated with
complete or near-total insulin deficiency of pancreatic �-cells. T2DM is associated with variable degrees of
insulin resistance, impaired insulin secretion with or without moderate to severe �-cell apoptosis in the pancreas,
and increased hepatic glucose production. People with either forms of diabetes mellitus have an increased risk of
developing a number of serious chronic diseases affecting the heart and blood vessels, eyes, kidneys and nerves.
Importantly, effects on the heart and blood vessels may cause fatal complications such as coronary artery disease
and stroke. Cardiovascular disease is the number one cause of death in people with diabetes mellitus [5].

Over the past few decades, lifestyles changes characterized by increased energy intake and decreased physical
activity have promoted overweight and obesity resulting in increased incidences of diabetes [6]. Diet/dietary
factors also play an important role in preventing diabetes, managing existing diabetes, and preventing, or at least
slowing down the rate of development of diabetes complications, highlighting the role of dietary composition.
Increased intake of vegetables and fruits is at the center of dietary recommendations for preventing and managing
diabetes [7]. In addition to essential nutrient content, fiber and low energy density, vegetables and fruits also
contain a wide variety of non-(essential) nutrient compounds such as polyphenolic compounds. Polyphenolic
compounds are widely distributed in plant foods, particularly fruits and vegetables, including berries, which are
rich sources of the anthocyanin polyphenols [8]. Increasing evidence suggests a positive relationship between
consumption of berries and dietary anthocyanins and reducing T2DM risk [9]. A recent study published by
Wedick et al. [10] combining 3 prospective cohort studies that included nearly 200,000 US men and women
indicated that a higher consumption of polyphenols, particularly anthocyanins derived from blueberries, apples,
and pears, was consistently associated with a lower risk of diabetes. Similarly, another analysis of three, large,
prospective, cohort studies from the USA that included 200,994 health professionals revealed that consumption
of foods rich in anthocyanins, particularly strawberries, blueberries and grapes/raisins, was inversely associated
with the risk of T2DM [11]. In line with these findings, a study published by Mursu et al. [12] showed higher
intakes of berries correlated with a significantly reduced (35% lower) risk of T2DM in middle-aged and older
Finnish men and no associations were observed with other fruits and vegetables. Taking from this background
and epidemiological evidence for a role of berries and anthocyanins as “anti-diabetic” foods/compounds, we
review briefly recent findings from our laboratory and other research groups on the anti-diabetic effects of berry
polyphenolic compounds with special emphasis on the cellular and molecular mechanisms.

Studies related to the anti-diabetic effects of berry polyphenols were identified in Medline with PubMed
searches on the following keywords: “berries” (including names of specific berries, such as “blueberry”, “straw-
berry”, “cranberry”), “polyphenols”, “anthocyanins”, and “flavonoids”, in association with “diabetic”, “insulin
resistance”, insulin sensitivity”, “glucose metabolism”, glycemic control”, “humans”, “clinical trial”, “animal
models”, “cell culture”, “in vitro studies”, “In vivo studies”, “epidemiological studies”. On the basis of search
criteria, only studies that used most commonly consumed berries and/or berry extracts that have been associated
with mechanisms of action were considered. Studies on individual polyphenolic compounds that the source of
the compounds derived were not given or not from berry fruits were excluded.

2. Polyphenolic compounds in Berry fruits

Botanically, berries are known as fleshy fruit produced from a single ovary. However, consumers know them
as small edible fruits that are brightly colored of red-blue-purple and do not have a pit, although they may contain
seeds [13]. Despite the contrasting definitions, berry fruits are a rich source of polyphenols. Polyphenols are a
diverse family of compounds which differ in structure and potential bioactivity. Total polyphenol content can
vary largely between different berry species, cultivars and under different growing conditions [14, 15]. Total
polyphenol contents of 100–300 mg/100 g are common for black currant, raspberry and strawberry and the levels
of components can be heavily influenced by post-harvest treatments and processing requiring verification of
content in manufactured food products [16].
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Among the most notable polyphenols in berries are the anthocyanins. The red-to-blue-purple coloration of
berries is due to the presence of anthocyanins. Berries contain appreciable amounts of anthocyanins making them
the richest dietary source of anthocyanins. Anthocyanins are a type of flavonoid that consist of 2 aromatic rings (A
and B rings) linked by a 3-carbon chain that forms an oxygenated heterocyclic ring (C ring). The most commonly
identified anthocyandin in berry fruits are cyanidin, delphinidin, malvidin, pelargonidin, peonidin, and petunidin.
Anthocyanin content of berries can vary greatly between species and varieties, degree of ripening and growing
conditions [14, 15]. The red-orange color of strawberries is due to the presence of pelargonidin-type anthocyanins
in the flesh and skin whereas the deep purple-black colour of black currants is due to the accumulation of high
amounts of delphinidin and cyanidin-type anthocyanins in the skin. In addition to anthocyanins, berries contain
several other polyphenolic compounds that may contribute to their bioactivity, such as flavonols, phenolic acids,
proanthocyanidins, and ellagitannins [17]. The compositions of polyphenols in berry fruits not only define the
color and palatability but also influence their possible health benefits.

3. Potential mechanism of action of Berry polyphenols on anti-diabetic effects

Recent research from in vitro and in vivo studies supports the anti-diabetic effects of berry polyphenols. “Anti-
diabetic” effects are generally associated with achieving and maintain glucose homeostasis. Insulin is a central
player in glucose homeostasis; however, other non-insulin-dependent mechanisms also play a role in regulating
glucose homeostasis. Berry polyphenols have been studied for their effects on insulin dependent/associated
mechanisms, such as pancreatic �-cell function and insulin secretion and peripheral tissue sensitivity as well as
insulin independent mechanisms, such as impairment of glucose absorption (Fig. 1).

Fig. 1. Berry polyphenols exert anti-diabetic effects by several interrelated mechanisms through insulin dependent and insulin independent

mechanism.
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3.1. Insulin-dependent mechanisms

3.1.1. Overview
When a meal containing carbohydrate is consumed, digested, and absorbed, the pancreas senses the increase in

blood glucose concentrations and releases insulin to promote glucose uptake from the blood stream into various
cells in the body. In healthy individuals, insulin-mediated cellular signaling lowers/manages blood glucose by
(i) secreting appropriate situation-dependent amounts of insulin from the pancreatic �-cells (ii) enhancing the
uptake of glucose in non-hepatic peripheral tissues through translocation of glucose transporters {ie. Sodium-
independent transporter (GLUT4)} (iii) promoting hepatic glucose uptake/utilization/storage and suppression of
hepatic glucose production, and (iv) inhibiting lipolysis and promoting lipogenesis in adipose tissue. However,
in diabetic conditions, particularly T2DM, insulin-mediated cellular signaling is impaired (insulin resistance)
resulting in reduced tissue uptake, reduced suppression of hepatic glucose production, increased plasma glucose
concentration in the fasting and/or postprandial state; and while still functioning, increased insulin secretion by
the pancreas (eg., hyperinsulinemia) [18].

3.1.2. Enhancing pancreatic β-cell function: Modification of oxidative stress responses increasing insulin
production, reducing apoptosis and promoting β-cell proliferation

The inability of pancreatic �-cells to secrete sufficient amounts of insulin to overcome insulin resistance is
one of the main etiological factors in T2DM. Several factors are known to contribute to progressive loss of
pancreatic �-cell function in subjects with diabetes. However, the exact mechanisms involved with insufficient
insulin secretion concurrent with peripheral insulin resistance remains to be established. In vitro studies with
pancreatic �-cells suggest that mimicking diabetes (high glucose concentrations), glucose-induced oxidative
stress, increased apoptosis and reduced cell proliferation play a significant role in reducing insulin secretion
[19]. Several findings using antioxidants imply that oxidative stress is an important factor in pancreatic �-
cell dysfunction in diabetes [20]. Moreover, oral hypoglycemic agents (e.g., sulfonylurea-based drugs that
stimulate insulin secretion from pancreatic �-cells) have been widely used to increase insulin secretion suf-
ficiently to overcome peripheral insulin resistance and normalize blood glucose levels in patients with T2DM
[21].

Extracts of the Canadian blueberry (12.5 �g/mL) show increases in 3H-thymidine incorporation in replicating
�- TC-tet cells by 2.8-fold (increase in cell proliferation) and may represent another potential anti-diabetic
property [22] (Table 3). Administration of Chinese bayberry fruit extracts (150 �g of cyanidin-3-glucoside/10 g of
body weight- twice per day) significantly reduced fasting blood glucose and increased the oral glucose tolerance in
streptozotocin-induced diabetic mice model (P < 0.05) [23] (Table 2). An in vitro evaluation of Chinese bayberry
fruit suggested protective effects against oxidative stress-induced injury in pancreatic �-cells. Pretreatment
of pancreatic �-cells with bayberry fruit extracts (containing 0.5 �mol/L cyanidin-3-glucoside) prevented cell
death, increased cellular viability, and decreased mitochondrial reactive oxygen species production and cell
necrosis induced by H2O2 (800 or 1,200 �mol/L). Furthermore, they observed that bayberry fruit extracts dose-
dependently up-regulated pancreatic duodenal homeobox 1 gene expression, contributing to increased insulin-like
growth factor II gene transcript levels and insulin protein in INS-1 cell [23] (Table 3). Bayberry extracts have
been shown to prevent H2O2 induced cell injury via ERK1/2- and PI3K/Akt-mediated HO-1 upregulation in
vitro in pancreatic �-cells [24]. In a separate study, pretreatment with anthocyanins attenuated autophagic cell
death caused by H2O2 exposure in vitro in pancreatic �-cells [25] (Table 3).

Rugina et al. [26] showed that chokeberry anthocyanin extract (1, 5, and 10 �M) protected mouse pancre-
atic �-cells (TC3) against pro-oxidant (H2O2) and high glucose-induced cytotoxicity. They demonstrated that
antioxidant enzymes such as superoxide dismutase, catalase, and glutathione peroxidase were increased in the
presence of chokeberry anthocyanin extract compared to cells exposed to the pro-oxidants in TC3 cells. Insulin
secretion in TC3 cells was also enhanced by pretreatment with chokeberry anthocyanin extract. Furthermore,
chokeberry anthocyanin extract restored insulin secretion and diminished intracellular reactive oxygen species
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level in glucose-induced stress condition in TC3. These results demonstrate that chokeberry anthocyanin extract
were biologically active, showing protection of endogenous antioxidant enzymatic systems against pro-oxidants
and high glucose in pancreatic �-cells [26]. Taken together, available in vitro cell culture data with berry extracts
suggest favorable effects on impaired pancreatic �-cells function via reducing oxidative stress, enhancing insulin
production, reducing apoptosis and promoting cell proliferation (Table 3, Fig. 1).

3.1.3. Enhancing peripheral tissue insulin sensitivity: Modification of inflammation/oxidative stress
responses in peripheral tissues

Insulin resistance is a multifactorial and complex metabolic disorder that defies explanation by a single
etiological pathway. Among the possible factors, oxidative stress and inflammation play a significant role in
impaired insulin signaling. Berry fruits, a rich source of polyphenolic compounds have been consistently shown
to reduce oxidative stress and inflammation [13, 27].

A study published by our group on the acute postprandial effects of strawberries in a milk-based beverage (10 g
of freeze-dried strawberry powder; 94.7 mg of total polyphenols) with a high carbohydrate and high fat meal
in 24 overweight individuals indicated a modest yet significant reduction in the postprandial insulin response
compared to control (placebo) (P < 0.05) [28]. The control beverage was matched for sensory attributes, total
calories, and macronutrients. Furthermore, the postprandial concentrations of strawberry polyphenols and their
metabolites were significantly increased when the strawberry beverage was consumed concurrently with the high
carbohydrate and high fat meal, which was not observed after subjects drank the placebo beverage (P < 0.001).
The strawberry beverage also significantly attenuated the postprandial inflammatory response as measured by
interleukin-6 (IL-6) and high-sensitivity C-reactive protein (hsCRP) (P < 0.05) induced by the high carbohydrate
and high fat meal suggesting a possible association between the reduced insulin response and inflammation
[28] (Table 1). It is also interesting to note that in vitro data from our laboratory indicated that oxidative stress
induced by H2O2 (50 �M) increased inhibitory serine phosphorylation of insulin receptor substrate-1 (ser-307-
IRS-1) and decreased the activation of tyrosine residues (p-tyr-IRS-1) (both critical intermediates in the insulin
signaling pathway) in human skeletal muscle cells (HSMC). Strawberry extracts prepared in phosphate buffered
saline (0.1–1.0 mg/mL) restored tyrosine phosphorylation in IRS-1 [29]. Another in vitro study performed with
human HSMC indicated that elevated glucose (10 mM), free fatty acids (FFA) (2 mM) and the combination of
FFA and glucose treatment significantly lowered the p-Akt and p-Insulin Receptor � (Tyr1150/1151) protein
(p < 0.05) compared to control (cell culture media) indicating an impairment in insulin signaling in vitro in
HSMCs. Co-treatment of HSMC with strawberry extracts (0.1–1.0 mg/mL) significantly attenuated the reduced
p-Akt protein levels in both the FFA and combination treatments when compared to their corresponding FFA and
combination treatments without strawberry (p < 0.05). Strawberry extract showed trends in restoring the FFA and
or glucose induced decreased phosphorylation of Insulin Receptor � (Tyr1150/1151), although the data were not
significantly different (p > 0.05) [30]. Taken together these in vitro cell culture and human clinical data suggest,
but do not confirm that strawberry polyphenolic compounds contribute to improved insulin signaling, suggesting
a potential role in reducing insulin resistance (Table 3). Accordingly, we tested the acute effects of strawberry
consumption in obese people with insulin resistance [31]. In a dose response study, strawberry intake with a high
carbohydrate and high fat meal reduced the insulin requirement for managing postprandial glycemia when the
beverage containing 40 g freeze-dried strawberry powder delivering 368.8 ± 12.1 �mol/beverage anthocyanins
was consumed. This study is the first study to observe the postprandial glycemic control independent of the
fiber content in strawberry [31]. Several other studies have also shown beneficial effects of strawberry that may
be relevant in providing significant benefits for reducing transition to diabetes or managing existing diabetes
[13, 32]. Collectively this work with strawberries is promising and supports further studies to understand the
mechanisms on insulin signaling and protocols for chronic intake.

Blueberry consumption also has shown anti-diabetic activity in human subjects. A double-blinded and placebo-
controlled study conducted by Stull et al. [33] showed that daily dietary supplementation of freeze-dried whole
blueberry powder (smoothie containing 22.5 g blueberry powder twice a day) significantly improved insulin
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Table 1

Summary of the research studies involving human subjects showing anti-diabetic effect of Berry Fruits

Berry Fruit Intervention Effects/Significant Variation References
Strawberry RCT, 2 arm, PP cross over design with

overweight adults. 0 or 10 g of
freeze-dried strawberry powder,
n = 24

Strawberry significantly reduced
postprandial insulin response to a
high carbohydrate/high fat meal
(P < 0.05), Reduced postprandial
inflammatory response (IL-6 and
hsCRP) (P < 0.05)

Edirisinghe et
al. [28]

Strawberry RCT, 4 arm PP crossover,
dose-response (0, 10, 20 and 40 g
Freezer dried strawberry), obese
adults with Insulin Resistance, n = 21

Strawberry significantly reduced the
insulin requirement for managing
meal-associated postprandial
glycemia with the beverage
containing 40 g freeze-dried
strawberry powder

Park et al. [31]

Bilberry RCT, 2 arm, chronic feeding (24 wk)
design. 160 mg of anthocyanins
purified from the bilberry
(Vaccinium myrtillus) and
blackcurrant (Ribes nigrum) twice
daily in T2DM patients (n = 58)

Significantly lowered fasting plasma
glucose (P < 0.05) and homeostasis
model assessment for insulin
resistance index (P < 0.05), and
increased serum adiponectin
(P < 0.01) and b-hydroxybutyrate
(P = 0.01) compared to placebo.

Li et al. [54]

Blueberry RCT, 2 arm, chronic feeding (6 wk).
Obese, nondiabetic, insulin-resistant
participants with freeze-dried whole
blueberry powder (22.5 g powder)

Significantly improved insulin
sensitivity (p < 0.05)

Stull et al. [33]

Lingonberry and
Blackcurrent

RCT, 4 arm, PP crossover design.
Healthy subject (n = 20) consumed
lingonberries or blackcurrant as
whole berries (150 g served as
purees) or nectars (300 mL)

Both fruits significantly reduced
sucrose induced postprandial glucose
and insulin concentrations during the
first 30 min post-intake and a slower
decline during the second hour and a
significantly improved glycemic
profile (p < 0.05). Prevented the
sucrose-induced late postprandial
hypoglycemic response and the
compensatory free fatty acid
rebound.

Torronen et al.
[40]

Açai berry 1 arm study. Healthy overweight men
and women with100 g açai pulp
twice daily for 1 month, n = 10

Reductions in fasting glucose and
insulin concentrations after 1 month
of intake compared to baseline
values (both p < 0.02) and
significantly attenuated post-prandial
plasma glucose following the
standardized meal, measured as the
area under the curve (p = 0.047)

Udani et al.
[38]

Chokeberry 1 arm study. T2DM subjects with
chronic feeding of 200 mL/day for 3
months, n = 25

Significantly reduced fasting glucose,
hemoglobin (Hb)A1c, total
cholesterol and triglycerides
compared to baseline (both p < 0.05)

Simeonov
et al. [57]

Maqui Berries RCT with moderate glucose
intolerance subjects, n = 10, post PP
study with a single administration of
200 mg Delphinol® with rice intake

Delphinol treatment significantly
inhibits post-prandial glucose
increase at time points 60 min and
90 min (P < 0.05)

Hidalgo et al.
[45]

Foot note: RCT - Randomized control trial, PP - Post prandial, T2DM - Type 2 diabetic mellitus
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Table 2

Summary of the studies involving animal models showing anti-diabetic effect of Berry Fruits

Berry Fruit Intervention Effects/Significant Variation References

Bilberry Diabetic Mice model with chronic feeding of

Bilberry extract 27 g BBE (10 g

anthocyanin/kg diet) for 5 weeks

Improved hyperglycemia and insulin

sensitivity by targeting AMPK, Glucose

transporter 4 (GLUT4), and metabolic

enzymes (PEPCK and G6Pase)

Takikawa et al. [50]

Blueberry Diabetic C57b1/6J mice model with acute

feeding of phenolic-rich extract and an

anthocyanin-enriched fraction from

blueberry formulated with Labrasol

(Gavage- 500 mg/kg body wt)

Lowered elevated blood glucose levels by 33

and 51%, respectively (P < 0.05)

Grace et al. [35]

Maqui berry Diabetic rat model with chronic feeding of

Maqui berry preparation (Delphinol®) for

4 months

Significantly lowered fasting blood glucose

levels in a diabetic rat model after 4

months feeding and the values

indistinguishable from healthy

non-diabetic rats. Furthermore,

Hidalgo et al. [45]

Maqui berry Healthy C57Bl/6J mice with Delphinidin

form Maqui berry

Inhibited the Na+-dependant glucose

transport (SGLT-1) in jejunal mucosa.

Hidalgo et al. [45]

Chinese bayberry Streptozotocin-induced diabetic mice model

with bayberry fruit extracts (150 �g of

cyanidin-3-glucoside/10 g of body weight-

twice per day)

Significantly reduced fasting blood glucose

and increased the oral glucose tolerance

(P < 0.05)

Sun et al. [23]

sensitivity over 6 wk in obese, nondiabetic, and insulin-resistant participants (p < 0.05, Table 1). Authors were
unable to demonstrate any possible mechanistic explanation since inflammatory markers investigated were not
significantly different compared to the placebo group [33]. However, a cross-sectional study of 1997 females
aged 18–76 y, suggested that higher intakes of both anthocyanins and flavones were associated with decreased
insulin resistance and hs-CRP [34].

The anti-diabetic activity of blueberry feeding has also been studied in diabetic C57b1/6J mice [35]. A
phenolic-rich extract and an anthocyanin-enriched fraction from blueberry (gavaged, 500 mg/kg body wt) for-
mulated with Labrasol, a pharmaceutically acceptable self-microemulsifying drug delivery system that enhances
absorption, lowered elevated blood glucose concentrations by 33 and 51%, respectively in diabetic C57b1/6J
mice. The hypoglycemic effects of these formulae were comparable to that of the known anti-diabetic drug,
metformin (27% at 300 mg/kg). However, it is interesting to note that effects of the phenolic and anthocyanin
fractions were not observed when administered without Labrasol, demonstrating the importance of increasing
bioavailability/activity of the administered preparations [35]. Although the mechanism of action was not investi-
gated in this study, authors speculated that observed effects are due to antioxidants properties of the compounds
investigated (Table 2).

3.2. Insulin independent mechanisms

Circulating blood glucose levels serve as the main regulator of the rate of insulin secretion from the pancreatic
�-cell, which, in turn, regulate circulating blood glucose. The major determinant of how quickly glucose appears
in the systemic circulation during the fed state is determined by the rate of gastrointestinal tract digestion and
absorption [36]. Furthermore, energy homeostasis at the cellular and whole body level has been proposed as a
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Table 3

Summary of the research studies involving in vitro models showing anti-diabetic effect of Berry Fruits

Berry Fruit Intervention Effects/Significant Variation References

Strawberry In vitro study with human skeletal

muscle cells treated with

strawberry extracts

(0.1-1.0 mg/mL)

Restored impaired tyrosine p- IRS-1

(tyrosine) induced by Oxidative stress

(50 �M-H2O2) (p < 0.05)

Sandhya et al. [29]

Strawberry In vitro study with human skeletal

muscle cells treated with

strawberry extracts

(0.1-1.0 mg/mL)

Significantly attenuated the reduced insulin

induced p-Akt protein levels in the

presences of high concentration of FFA

and combination of FFA and glucose

solutions (p < 0.05)

Kanagath

et al. [30]

Strawberry Caco-2 intestinal cell model on

glucose transport from the

intestinal lumen into cells and also

the GLUT2-facilitated exit on the

basolateral side.

Strawberry polyphenols inhibit glucose

transport from the intestinal lumen into

cells and also the GLUT2-facilitated exit

on the basolateral side. In particular,

pelargonidin-3-O-glucoside in strawberry

(IC 50 = 802 mM) contributed 26% to the

total inhibition by the strawberry extract.

Manzano and

Williamson.

[43]

Lingonberry In vitro study with C2C12 myoblasts

on glucose uptake in the presence

of Quercetin-rich extract from

lingonberry

Increased insulin-independent glucose

uptake and stimulated AMPK

Eid et al. [55]

Chokeberry In vitro, pancreatic �-cells with

anthocyanin extract (1, 5, and

10 �M). Cells challenged with

H2O2 and high glucose

Protect pancreatic-� cells against H2O2- and

high glucose-induced cytotoxicity. Insulin

secretion in pancreatic-� cells was also

enhanced by pretreatment of chokeberry

anthocyanin extract

Rugina et al. [26]

Berry extract from

combination of

blueberry,

bilberry,

cranberry,

elderberry,

raspberry seeds

and strawberry

Acute exposure (15 min) of Caco-2

intestinal cell model with 0.125%,

w/v- the anthocyanin content

consists of: cyanidins 44.5%;

delphinidins 26.1%; petunidins

14.4%; malvidins 8.9%)

Significantly decreased both

sodium-dependent (total uptake) and

sodium-independent (facilitated uptake)
3H-D-glucose uptake in human intestinal

Caco-2 cells. Chronic treatment (16 hr) of

berry indicated that SGLT1 mRNA and

GLUT2 mRNA expression were reduced

significantly (P < 0.05)

Alzaid et al. [44]

Berry extracts

from

strawberries,

black currants,

arctic brambles,

cloudberries,

blueberries and

rowanberries

In vitro enzymatic study Modulated starch digestion as berry extracts

inhibit both �-amylase activity and

�-glucosidase activity in vitro at low levels

Boath et al. [46]

(Continued)
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Table 3

(Continued)

Berry Fruit Intervention Effects/Significant Variation References

Raspberry In vitro enzymatic study Ellagitannins in raspberry was the main

active components for amylase

inhibition

McDougall et al.

[48]

Blackberry In vitro enzymatic study Inhibitory activity on �-amylase and

�-glucosidase

Šaponjac et al.

[49]

Canadian

Blueberry

In vitro �-TC-tet model (pancreatic

�-cells)

3H-thymidine incorporation in

replicating �- TC-tet cells by 2.8-fold

(increase in cell proliferation)

Martineau et al.

[22]

Chinese bayberry In vitro pancreatic �-cells treated

with fruit extracts (containing

0.5 �mol/L cyanidin-3-glucoside)

and H2O2 (800 or 1,200 �mol/L)

Pretreatment of pancreatic � cells

prevented cell death, increased cellular

viability, and decreased mitochondrial

reactive oxygen species production

and cell necrosis induced by H2O2

Sun et al. [23]

Chinese bayberry In vitro Pancreatic �-cells treated

with bayberry fruit extracts and

H2O2

Prevents H2O2 induced cell injury via

ERK1/2- and PI3K/Akt-mediated

HO-1 upregulation in vitro in

pancreatic �-cells

Zhang et al. [24]

Chinese bayberry In vitro Pancreatic �-cells treated

with bayberry fruit extracts and

H2O2

Attenuates autophagic cell death caused

by H2O2 exposure in vitro in

pancreatic � cells

Zhang et al. [25]

potential mechanism for glucose-lowering effect results from decreased hepatic glucose production and increased
glucose utilization [37].

3.2.1. Inhibition of digestive enzymes involved in carbohydrate breakdown and glucose absorption
in gastrointestinal track

Several studies have suggested that anti-diabetic effects derived from polyphenols rich berry fruits may be
partly through the effects carried out within the gastrointestinal tract. In particular, in vitro and in vivo animal
data indicated that polyphenols may modulate nutrient availability such as glucose through the inhibition of
digestive enzymes involved in carbohydrate breakdown and absorption, which could influence blood glucose
control. However, in vivo effects of polyphenolic compounds derived from berries are based upon glycemia or
glucose tolerance data rather than on the direct effect of polyphenolic compounds upon the intestinal digestion
of carbohydrates and absorption of glucose [38, 39].

A postprandial study published by Torronen et al. [40] on healthy women (n = 20) indicated that lingonberries,
as either whole berries (150 g served as purees) or nectars (300 mL), reduced sucrose (each with 35 g added
sucrose) induced postprandial glucose and insulin concentrations during the first 30 min post-intake. Additionally,
a slower decline during the second hour was observed with whole berries or nectars as well as a significantly
improved overall glycemic profile (p < 0.05). Furthermore, they observed, berries and nectars prevented the
sucrose-induced late postprandial hypoglycemic response and the compensatory free fatty acid rebound. These
data suggested a delayed digestion of sucrose and consequent slower absorption of glucose (Table 1).

Glucose is actively taken up into the enterocytes from the intestinal lumen by the high-affinity, sodium-
dependent and phloridzin-sensitive Sodium/glucose co-transporter 1 (SGLT1) located in the brush border of
the intestine followed by passively released from the enterocytes into the portal circulation via the glucose
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transporter 2 (GLUT2) present in the basolateral membrane. Most of the in vitro studies are conducted with
individual polyphenolic compounds that are commonly available in berry fruits [41]. Catechins and quercetin-
3-O-glucoside were found to inhibit the transport activity of SGLT1 [42]. A study by Manzano and Williamson,
[43] using Caco-2 intestinal cell monolayers showed that strawberry polyphenols, phenolic acids and tannins
inhibit glucose transport from the intestinal lumen into cells and also the GLUT2-facilitated exit on the baso-
lateral side. In particular, pelargonidin-3-O-glucoside in strawberry (IC50 = 802 mM) contributed 26% to the
total inhibition by the strawberry extract. An in vitro study by Alzaid et al. [44] showed that acute exposure
(15 min) to berry extract (derived from blueberry, bilberry, cranberry, elderberry, raspberry seeds and strawberry-
0.125%, w/v- the anthocyanin content consists of: cyanidins 44.5%; delphinidins 26.1%; petunidins 14.4%; mal-
vidins 8.9%) significantly decreased both sodium-dependent (total uptake) and sodium-independent (facilitated
uptake) 3H-D-glucose uptake in human intestinal Caco-2 cells. Chronic treatment (16 hrs) of berry extract with
Caco-2 cells indicated that SGLT1 mRNA and GLUT2 mRNA expression were reduced significantly (P < 0.05,
Table 3).

Maqui berry extract (Delphinol®) containing ≥35% w/w total anthocyanins and ≥25% w/w total delphinidins
has shown to significantly reduce postprandial glucose and insulin concentrations compared to placebo in 10
moderately glucose tolerance subjects (P < 0.05) [45] (Table 1). Furthermore, they observed significantly lower
fasting blood glucose concentrations in a diabetic rat model after feeding Delphinol® over a period of four
months and values were indistinguishable from healthy non-diabetic rats. They also demonstrated that delphinidin
inhibited the Na+-dependent glucose transport (SGLT-1) in jejunal mucosa of healthy C57Bl/6J mice, and
proposed glucose transport inhibition as primary mechanism of action of delphinidin, the main polyphenol in
present in Delphinol® [45] (Table 2).

A study by Boath et al. [46] indicated that polyphenols from berries (extracted from strawberries, black currants,
arctic brambles, cloudberries, blueberries and rowanberries) also have the potential to modulate starch digestion
as they inhibit both �-amylase activity and �-glucosidase activity in vitro at low levels (Table 3). Furthermore,
the same group reported that the most effective were from raspberry and rowanberry (IC50 values of 21.0 and
4.5 �g/mL, respectively) [46, 47]. Extracts derived from yellow and red raspberries were shown to have similar
inhibitory effects on � -amylase. Yellow raspberry extracts are devoid of anthocyanins, and therefore suggested
that anthocyanins are not crucial for amylase inhibition [47]. A study by McDougall et al. [48] strongly suggested
that ellagitannins in raspberry were the main active components for amylase inhibition. An extract of blackberry
also showed �-amylase inhibitory activity and �-glucosidase inhibitory activity in vitro [49]. These data indicate
a potential for controlling starch digestion in the gastrointestinal tract by enzyme inhibition. However, further
work is required to confirm an inhibitory effect of berry components on digestive enzymes in vivo beneficially
impacting glycemic responses (Table 3).

Collectively, the available literature suggest that berry fruits rich in polyphenols might provide a mechanism
for regulating the rate of intestinal glucose digestion and absorption and thereby providing another mechanism
for managing diabetes, and in the long term might offer some protection against development of T2DM.

3.2.2. Modification of energy metabolism/energy status
Polyphenolic compounds also have been shown to increase glucose uptake through energy homeostasis at

both cellular and whole-body levels via a mechanism related to AMP-activated protein kinase (AMPK) [9].
Takikawa et al. [50] investigated the effects of bilberry extract in mice with T2DM by providing them a diet

containing 27 g bilberry extracts (10 g anthocyanin/kg diet) for a period of 5 weeks (Table 2). Data indicated
that BBE improved hyperglycemia and insulin sensitivity in mice with T2DM by targeting AMPK, GLUT4, and
metabolic enzymes. Bilberry extract increased total AMPK� and phosphorylation of AMPK� (Thr 172) and
subsequently increased GLUT4 in white adipose tissue and skeletal muscle of diabetic mice [50]. Activation of
AMPK is associated with increased expression of GLUT4 independent of insulin supporting the ability of bilberry
extract to work via an insulin-independent mechanism [51]. Bilberry extract also has been shown to downregulate
the expression of gluconeogenic enzymes such as PEPCK and Glucose 6-phosphatase and suppress glucose flux
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into the systemic circulation in this study [50]. Furthermore, Takikawa et al. [50] observed that diabetic mice
treated with bilberry extract have reduced levels of Retinol-Binding Protein 4 (RBP4) in mesenteric fat. RBP4,
an adipocytokine, has been associated with obesity and insulin resistance [52], and is proposed as a potential
treatment target for T2DM. These data indicate that anthocyanins derived from berry fruits may favorably regulate
glucose homeostasis by modifying lipid metabolism. In support of these data, Guo et al. [53] demonstrated that
cyanidin-3-O-glucoside, one of the major anthocyanins present in berry fruits regulates hepatic lipid homeostasis
via an AMPK-dependent signaling pathway in vitro in human HepG2 hepatocytes (Table 3). Supplementation
of anthocyanins (160 mg of anthocyanins twice daily) purified from the bilberry (Vaccinium myrtillus) and
blackcurrant (Ribes nigrum) in people with T2DM offers further support for anti-diabetic activity or disease
managing activity of dietary anthocyanins (Table 1). Li et al. [54] reported significantly lower fasting plasma
glucose (P < 0.05) and homeostasis model assessment for insulin resistance index (P < 0.05), and elevated serum
adiponectin (P < 0.01) and �-hydroxybutyrate (P = 0.01) compared to placebo after the 24-wk intervention in
T2DM patients (n = 58). Furthermore, it was observed that anthocyanin supplementation had significant effects
on lipid metabolism as measured by significantly decreased serum LDL cholesterol, triglycerides, apolipoprotein
(apo) B-48, apo C-III and increased HDL cholesterol (P < 0.05) compared with placebo. In addition, patients in the
anthocyanin group showed higher total radical-trapping antioxidant parameter and ferric ion reducing antioxidant
power values compared to the placebo group (both P < 0.05). Serum concentrations of 8-iso-prostaglandin F2a,
13-hydroxyoctadecadienoic acid, and carbonylated proteins in the anthocyanin group was also significantly less
than the placebo group (P < 0.01, p < 0.01 and P = 0.022, respectively) [54].

An investigation conducted by Eid et al. [55] on the effects of quercetin-rich extract from the lingonberry
(Vaccinium vitis idaea) on glucose uptake in vitro in C2C12 myoblasts indicated that the extract stimulated the
AMPK pathway in muscle cells and moderately inhibited adenosine diphosphate (ADP)-stimulated oxygen con-
sumption in isolated mitochondria (Table 3). These actions are similar to the cellular and molecular mechanisms
of Metformin. Further, quercetin-3-O-glucoside and quercetin-3-O-alactoside and quercetin aglycone isolated
from berry extract showed enhanced insulin-independent glucose uptake and stimulated AMPK in muscle cells.
ATP synthase in isolated mitochondria was inhibited only by quercetin aglycone suggesting that removal of the
carbohydrate moiety is required for its bioactivity. This in vitro study suggested that quercetin and/or its deriva-
tives are the major bioactive components of lingonberry that are responsible for the activation of AMPK and
subsequent stimulation of glucose uptake in muscle cells. One of the drawbacks to this in vitro study is that the
dosage (50 �M) of quercetin and/or its derivatives used in this study may be too high to achieve physiologically
[55].

A pilot study with an Açai berry (Euterpe oleracea Mart.- 100 g açai pulp twice daily) in healthy overweight
men and women (BMI ≥25 kg/m2 and ≤30 kg/m2) indicated reductions in fasting glucose and insulin concentra-
tions after 1 month of intake compared to baseline values (both p < 0.02) [38] (Table 1). There was also a reduction
in total cholesterol (p = 0.03) as well as borderline significant reductions in LDL-cholesterol and the ratio of total
cholesterol to HDL-cholesterol (both p = 0.051). Furthermore, treatment with the açai berry preparation signif-
icantly attenuated the post-prandial increase in plasma glucose following the standardized meal, measured as
the area under the curve (p = 0.047). There was no effect on hs-CRP or plasma Nitric oxide metabolites [38 ].
However, in a separate human study published by Mertens-Talcott et al. [56] indicated that plasma antioxidant
capacity (measured using the ORAC assay) was increased up to 3 fold with a single dose of 7 mL açaı́ pulp/kg
body weight compared to the control beverage (p < 0.01), with a Tmax of 3 h. These data suggest that Açai berry
supplementation exerts beneficial metabolic effects in subjects with T2DM by reducing insulin resistance via a
mechanism related to improving dyslipidemia and enhancing antioxidant capacity.

Choke berry (Aronia melanocarpa) juice given to subjects with T2DM (200 mL/day for 3 months) significantly
reduced fasting glucose levels, hemoglobin (Hb)A1c levels, total cholesterol and triglycerides compared to
baseline (both p < 0.05) [57] (Table 1). However, in another choke berry intervention study (3×100 mg/day for
2 months) in subjects with metabolic syndrome (n = 25), beneficial effects on oxidative stress markers and lipids
were observed (p < 0.05), but no effect on fasting plasma glucose levels was observed (P < 0.05) [58].
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4. Summary and future research

Increasing fruit consumption has been consistently shown to have favorable effects on the prevention and man-
agement of many chronic diseases, including T2DM [11]. Among the fruits that have significant health benefits,
berry fruits have attracted attention due to their unique and high polyphenolic content. Several epidemiological
studies have suggested an inverse relationship between berry fruits and dietary anthocyanin intake and T2DM
[10–12]. The anti-diabetic effect of berry phenolic compounds has been demonstrated in human, animal and
in vitro cell culture models as discussed in this review (Tables 1–3). In vivo and In vitro data suggested that
berry fruits exert their anti-diabetic effects by targeting various cells and cellular signaling pathways involved
in glucose homeostasis such as cells in the pancreas, liver, skeletal muscle, and adipose tissues. The observed
effects resemble functions/mode of actions to some clinically used anti-diabetic drugs. The anti-diabetic activity
of the berry polyphenolics may be due to their antioxidant, anti-inflammatory, carbohydrate digesting enzyme
inhibition and absorption in the gastrointestinal tract, cellular receptor agonist or antagonist activity or through
novel mechanisms that have not yet been elucidated. However, available literature indicates that observed anti-
diabetic effects are due to multiple mechanisms involved in glucose homeostasis pathways (Fig. 1, Tables 1–3).
It is also encouraging that the berry polyphenolic concentrations used in most of the in vitro reports are physio-
logically relevant. However, in vivo tissues typically see an array of compounds after berry consumption. Some
berry polyphenolic structures can be absorbed intact (i.e. certain anthocyanins), however, most are conjugated,
degraded or metabolized to other compounds prior to circulation [17]. The studies on the anti-diabetic effects of
metabolites of berry polyphenolic compounds are scarce and are an area that needs future attention. Furthermore,
the bioavailability and pharmacokinetic profiles of the parent compounds and/ or their metabolites are important
aspects for their respective anti-diabetic activity. Effects in different food systems/matrix are not fully known
and are important components to berry fruit bioactivity since berries are consumed not only as a food alone but
in combination with other foods/ingredients. The active compounds/sites in berry polyphenolic compounds need
to be identified precisely to understand the chemical interactions in food systems, the digestive system and in
systemic circulation. Finally well designed human trials with emphasis on mechanism of action are required to
further understand the potential actions of berry polyphenolic compounds to prevent and/or manage T2DM.
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