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Upregulation of GLUT4 and PI3K, and downregulation of GSK3
mediate the anti-hyperglycemic effects of proanthocyanidins
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Abstract. Diabetes mellitus is the most common chronic
metabolic disorder worldwide. The present study was
designed to investigate the potential role of cinnamon bark
extract oligomeric proanthocyanidins (OPCs) in controlling
streptozotocin (STZ)-induced hyperglycemia and to clarify
the underlying molecular mechanisms underlying its effects.
For this purpose, 60 male rats were equally divided into six
groups as follows: The normal control group; OPC control
group (non-diabetic rats treated with OPC at 300 mg/kg
orally for 21 days); the untreated diabetic control group; the
wortmannin control group [diabetic rats treated with wort-
mannin at 1 mg/kg, intraperitoneal (i.p.) on the final day of the
experiment]; the OPC diabetic group (diabetic rats treated with
OPC at 300 mg/kg orally for 21 days); and the OPC diabetic +
wortmannin co-treated group (diabetic rats treated with OPC
at 300 mg/kg/day for 21 consecutive days and then 24 h after
the final OPC dose treated with a single wortmannin injection
at 1 mg/kg, i.p.). The results indicated that OPC ameliorated
the diabetic state, as evidenced by a significant decrease in
serum glucose levels, and a significant increase in the levels
of insulin, amylin, insulin receptor phosphorylation, glycogen
and glucose transporter-4 translocation; it also improved the
lipid profile in STZ-diabetic rats. On the whole, the findings of
the present study provide biochemical evidence that OPC treat-
ment is effective as an anti-diabetic and anti-hyperlipidemic
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agent by enhancing glucose uptake through the activation of
insulin receptor kinase activity and the PI3K/Akt pathway.

Introduction

Diabetes mellitus is one of the largest epidemics worldwide
that is recognized and classified as a cluster of heterogeneous
metabolic disorders characterized by hyperglycemia due to
defects in insulin secretion, insulin action, or both. Diabetes
mellitus occurs due to the destruction of pancreatic 3-cells
with consequent insulin deficiency by autoimmune disease
or due to abnormalities that lead to a resistance to insulin
actions (1).

Metabolic abnormalities in carbohydrates, fats and
proteins in diabetes occur due to deficient insulin action at
target tissues. It has been demonstrated that oxygen free radi-
cals are produced due to hyperglycemia and can cause various
oxidative stress-induced complications of diabetes, such as
nephropathy, retinopathy and neuropathy (2). The accumu-
lation of lipid peroxidation products termed as advanced
glycosylation end products and damaged DNA eventually leads
to the development of pathological diabetic complications (3).

Amylin, or islet amyloid polypeptide (IAPP), is an
endocrine peptide hormone co-localized, co-secreted and
co-packaged along with insulin by pancreatic 3-cells that is
associated with the type 2 diabetes mellitus (T2D) disease
progression (4). Amylin is co-secreted with insulin in
response to caloric intake. It plays a crucial role in maintaining
glucose homeostasis by suppressing glucagon release, delaying
the gastric emptying rate and stimulating the satiety center in
the brain to limit caloric intake. Amylin serum concentrations
in patients with type 1 diabetes were at a lower baseline with
the absence of amylin response to caloric intake. At the same
time, patients with T2D requiring insulin also have a dimin-
ished amylin response to caloric intake, possibly related to the
degree of -cell impairment (5).

It is well established that insulin enhances glucose uptake
by promoting the translocation of glucose transporter 4
(GLUT4), the major insulin-regulated glucose transporter
in skeletal muscle and adipose tissue, from the intracellular
storage vesicles to the plasma membrane. Due to the absence
or insufficient sensitivity to insulin in diabetic patients, GLUT4
expression is decreased, leading to resistance to insulin-stim-
ulated glucose transport that profoundly contributes to disease
pathophysiology. Phosphatidylinositol 3-kinase (PI3K) is a
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crucial component of the insulin-signaling cascade, essential
for the metabolic effects of insulin on glucose transport and
GLUTH4 translocation (6,7).

Glycogen synthase kinase-3 (GSK-3) regulates a number
of metabolic and signaling proteins. Activated GSK-3 inacti-
vates the glycogen synthase enzyme, which is responsible for
converting glucose to glycogen for storage. Insulin can bind
to GSK-3 receptors, relieve this inhibition and activate the
PI3K/Akt pathway. However, the overexpression of GSK-3
results in impaired glucose tolerance and decreased glycogen
synthase activity, and consequently, in glycogen synthesis.
Furthermore, it has been reported that GSK-3 overexpression
attenuates insulin signaling, which further supports the role of
GSK-3 in diabetes (8.9).

Several limitations have been reported regarding the use
of conventional oral hypoglycemic drugs in the treatment of
diabetes due to adverse effects and high rates of secondary
failure. These adverse effects have led diabetic patients to
use natural products as an alternative source of anti-diabetic
agents with a degree of efficiency without side-effects (10).
Cinnamon is one of the popular spices containing several
potent antioxidant polyphenolic compounds traditionally used
in the treatment of various chronic diseases, such as cardiovas-
cular diseases and diabetes (11).

Oligomeric proanthocyanidins (OPCs) are oligomeric
flavonoids found in the aqueous extract of cinnamon that are
responsible for the majority of the antioxidant properties of
cinnamon; they have been proven to regulate insulin signaling
and the expression of blood sugar transportation genes in
adipocytes (12,13). There is increasing evidence to indicate that
OPC:s are effective both as a prophylactic or dietary treatment
for certain fatal diseases such as cancer, cardiovascular, or
metabolic syndromes due to their antioxidant and anti-inflam-
matory activities. It was previously reported that OPCs are
effective in lowering the lipid index and blocking inflamma-
tory responses by preventing lipid peroxidation and adjusting
the lipid catabolic process (14,15). Furthermore, it has been
found that OPC extracts can protect -cells of the pancreas
via the attenuation of oxidative stress, thereby increasing the
sensitivity and secretion of insulin, as well as affecting certain
enzyme activities in the metabolic process (16).

The present study was designed to investigate the potential
role of cinnamon bark extract OPCs in controlling strep-
tozotocin (STZ)-induced hyperglycemia and to clarify the
underlying mechanisms.

Materials and methods

Experimental design. The present study was conducted
following the institutional guidelines for care and use of labo-
ratory animals approved by the local Ethics Committee of the
Faculty of Pharmacy, Tanta University, Tanta, Egypt (approval
no. 18112014). The study complied with the standards of animal
care the European Community Directive (86/609/EEC) and
the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals, 8th edition. The study included
60 adult male albino rats, weighing 150-200 g. The rats were
purchased from the National Research Center, Giza, Egypt.
Following 2 weeks of acclimatization under identical environ-
mental conditions (22+2°C with 55+5% controlled humidity

and a 12-h dark/light cycle) and free access to a standard pellet
diet and water ad libitum, the rats were weighed and randomly
assigned to six groups (n=10/group) as follows:

Diabetes was induced by a single intraperitoneal (i.p.)
injection of STZ (45 mg/kg; Sigma-Aldrich; Merck KGaA)
following overnight fasting (17). The rats were weighed and
injected with STZ dissolved in a disodium citrate buffer (0.1 M,
pH 4.5). The rats were provided withy 5% glucose solution as
drinking water in the first 24 h following the STZ injection to
counteract drug-induced hypoglycemia. After 3 days, blood
samples were withdrawn from the retro-orbital venous plexus
under isoflurane anesthesia (3.5% for induction and 2.5% for
maintenance), and serum was separated by centrifugation
at 1,600 x g/15 min to determine the glucose level.

Only rats with fasting blood glucose levels >250 mg/dl
were considered diabetic rats and were selected for further
experiments. Drug treatment commenced 7 days after the STZ
injection (when hyperglycemia was confirmed). The diabetic
rats were weighed and then randomly divided into four
subgroups (n=10 for each group) as follows: i) The diabetic
control group; ii) the OPC diabetic group: Diabetic rats treated
with proanthocyanidin (eBioChem; 300 mg/kg/day, orally), as
previously described (18) for 21 consecutive days; iii) the OPC
diabetic + wortmannin group: Diabetic rats were treated with
proanthocyanidin (300 mg/kg/day, orally for 21 consecutive
days) and were then treated with a single i.p dose of a PI3K
inhibitor (wortmannin) at 1 mg/kg (Acros Organics; Thermo
Scientific Chemicals) 24 h after the final OPC dose (19); iv) the
wortmannin control group: Diabetic rats were treated with a
single dose of wortmannin (1 mg/kg) on day 22. In addition,
there were two other groups: v) The normal control group
(n=10): Non-diabetic rats received only citrate buffer; and
vi) the proanthocyanidin control group (OPC control; n=10):
Non-diabetic rats received the vehicle and proanthocyanidin
(300 mg/kg, orally). Proanthocyanidin was dissolved in water,
and wortmannin was dissolved in DMSO (S.D. Fine Chem
Ltd.). The rats were weighed three times per week to monitor
their body weight and general well-being. In the present study,
any rat experiencing a weight loss of >10% or more received
supportive treatment with insulin [6 U/kg, subcutaneous (s.c.)
administration] and saline (1 ml 0.9% saline was administered
via i.p. injection once a day). Any animal experiencing a
weight loss >20% compared to the weight on day 1 was imme-
diately euthanized as a humane endpoint. Of note, 2 rats out
of the 10 rats in the diabetic control group were euthanized on
days 18 and 19 due to reaching the humane endpoint of 20%
weight loss.

At 24 h after the final administration of either drug, the
rats were anesthetized by isoflurane (EI-Nasr Pharmaceutical
Chemicals Co.). All rats were anesthetized on day 23 with
isoflurane (3.5% for induction and 2.5% for maintenance).
Subsequently, large amounts of blood were rapidly withdrawn
from the inferior vena cava of the rats and the rats were then
sacrificed by the immediate removal of the heart. The blood was
centrifuged, and serum was stored at -20°C until used for the
analysis of glucose, insulin, total cholesterol, triglyceride, LDL
and HDL levels. After the rats were sacrificed, the liver, pancreas
and the same part of the quadriceps femoris muscle (skeletal
muscles) of all rats was carefully excised, washed with saline,
and frozen at -80°C for use in subsequent biochemical analysis.
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Table I. Glucose and insulin concentrations in the different study groups.

Groups/parameter Glucose (mg/dl) Insulin (2 U/1)
Normal control 88.15+6.61 34.29+3.96
OPC control 84.52+5.73 30.95+2.18
Diabetic control 376.37+£29.66 12.37+0.34*
Wortmannin control 565.49+32 .86 9.42+0.34
OPC diabetic 143.01£6.36*0¢ 20.24+0 470¢

OPC diabetic + wortmannin

300.07+25.522f

16.48+0.3224f

Data are presented as the mean = SEM, n=8-10 rats per group. “Significant difference vs. normal control (P<0.001); *significant difference vs.
OPC control (P<0.001); “significant difference vs. diabetic control (P<0.001); %significant difference vs. diabetic control (P<0.01); °significant
difference vs. OPC diabetic group (P<0.001); fsignificant difference vs. wortmannin control (P<0.001). OPC, oligomeric proanthocyanidin.

Biochemical analysis of serum. Insulin was measured in
serum using rat insulin enzyme-linked immunosorbent assay
(ELISA) kits (cat. no. m1-68036; eBioChem). The insulin
concentration was determined according to manufacturer's
protocol and expressed as mU/1. The glucose level was measured
according to the method of Trinder (20) using commercial
colorimetric kits (cat. no. 139203; Greiner Diagnostic GmbH),
the absorbance (UV2-100 UV-visible spectrophotometer,
ATi Unicam®) was measured at 510 nm, and the results are
expressed as mg/dl. Serum cholesterol and triglyceride
levels were measured according to the methods described in
the studies by Savoldi et al (21) and Nagele et al (22), using
commercial colorimetric kits (cat. nos. 118004, 183003 respec-
tively; Greiner Diagnostic GmbH). The levels of high-density
lipoprotein (HDL)-cholesterol (HDL-C) were measured as
previously described by Austin et al (23) following the precipi-
tation of very-low-density lipoprotein (VLDL)-cholesterol
and low-density lipoprotein (LDL)-cholesterol (LDL-C)
by phosphotungstate in the presence of magnesium ions
(cat. no. 150103; Greiner Diagnostic GmbH). LDL-C
was calculated using the Friedewald equation as follows:
LDL-C=total cholesterol-HDL-C-triglycerides/5.

Determination of PI3K and GLUT4 levels. PI3K and GLUT4
levels were measured in rat muscle tissues using rat ELISA kits
(cat. nos. ml003142 and ml254159 respectively; eBioChem)
according to the protocol provided by the manufacturer and
expressed as pg/ml and pg/l1, respectively.

Determination of GSK-3 levels. GSK levels were measured in
liver tissues using a rat ELISA kit (cat. no. m1620015; eBio-
Chem) according to the protocol provided by the manufacturer
and expressed as pg/l.

Determination of amylin levels. Amylin levels were
measured in blood and pancreatic tissues using an ELISA
kit (cat. no. ml003191; eBioChem) according to the protocol
provided by the manufacturer and expressed as ng/l.

Statistical analysis. Data analysis was performed using
the statistical package for social science (SPSS) software
version 21.0 (IBM Corp.). All data are presented as the
mean + SEM. Statistical comparisons among groups were

performed using one-way analysis of variance (ANOVA).
Differences between groups were identified using post-hoc
Tukey test. P-values <0.05 were considered to indicate
statistically significant differences.

Results

Serum glucose levels. The serum glucose level was signifi-
cantly increased (P<0.001) in the diabetic control group
(4.3-fold increase) compared with the normal control group.
The OPC diabetic group exhibited a significant decrease
(-62%) compared with the diabetic control group (P<0.001).
The OPC diabetic + wortmannin group exhibited a signifi-
cant (P<0.001) decrease (-20.27 and -46.94%, respectively)
compared with the diabetic control and wortmannin control;
however, this group exhibited a significant increase (P<0.001)
in the serum glucose level (2.1-fold increase) compared with
OPC diabetic group (Table I).

Serum insulin levels. The diabetic control group exhibited a
significant decrease (P<0.001) in the insulin level (-63.92%)
compared with the normal control group. The OPC diabetic
group exhibited a significant decrease (P<0.001) in the serum
insulin level (-34.6%) compared with OPC control, and a
significant increase in the serum insulin level (+63.62%)
(P<0.001) compared with the diabetic control. The OPC
diabetic + wortmannin group exhibited a significant increase
(P<0.001) in the serum insulin level (+74.95%) compared with
the wortmannin control group (Table I).

Lipid profiles. The diabetic control group exhibited a signifi-
cant increase (P<0.001) in cholesterol, triglyceride and LDL-C
levels, and a significant decrease (P<0.001) in HDL-C levels
compared with the normal control group. The OPC diabetic
group exhibited a significant decrease (P<0.001) in choles-
terol, triglyceride and LDL-C levels, and a significant increase
(P<0.001) in HDL-C levels compared with the diabetic
control. On the other hand, the OPC diabetic group exhibited
a significant decrease (P<0.001) in cholesterol and HDL-C
levels compared with the OPC control group. The OPC
diabetic + wortmannin group exhibited a significant decrease
in cholesterol and HDL-C levels, and a significant increase
in triglyceride levels compared with the OPC control group.
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Table II. Effect of OPC on lipid profiles.

Groups/parameter TC (mg/dl) TG (mg/dl) LDL (mg/dl) HDL (mg/dl)
Normal control 55.93+1.67 29.61+1.81 15.29+1.16 347242 .51
OPC control 58.77+0.81 27.02+1.68 13.84+1.11 39.52+1.79
Diabetic control 76.95+4 .33 100.85+12.12° 47.14+5.18* 9.64+1.69*
‘Wortmannin control 70.52+3.09 89.91+5.39 41.98+2.61 10.56x1.52
OPC diabetic 40.47+1.213b¢ 41.85+1.25%b¢ 12.83+0.573b¢ 19.27+1.192b¢
OPC diabetic + wortmannin 45.41+] .8*¢de 52.23+1.73%¢et 15.07+0.99¢¢ 19.89+1.45%¢*

Data are presented as the mean = SEM, n=8-10 rats per each group. *Significant difference vs. normal control (P<0.001); ®significant difference
vs. OPC control (P<0.001); Ssignificant difference vs. diabetic control (P<0.001); %significant difference vs. OPC diabetic group (P<0.01);
°significant difference vs. wortmannin control (P<0.001); ‘significant difference vs. OPC diabetic group (P<0.001). OPC, oligomeric proan-
thocyanidin; TC, total cholesterol; TG, triglyceride; LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol.

Furthermore, the OPC diabetic + wortmannin group exhibited
a significant decrease (P<0.001) in cholesterol, triglyceride
and LDL-C levels, and a significant increase (P<0.001) in
HDL-C levels compared with both the diabetic control and
wortmannin control group (Table II).

Effect of OPC on muscular PI3K and GLUT4 levels in the
studied groups. Compared with the normal control group, the
diabetic control group exhibited a significantdecrease (P<0.001)
in PI3K and GLUTH4 levels (-33.93 and -53.64%, respectively).
The OPC diabetic group exhibited a significant decrease
(P<0.001) in the PI3K level (-19.95%) compared with the OPC
control group and a significant increase (P<0.001) (+18.25%)
compared with the diabetic control group. Furthermore, the
OPC diabetic group exhibited a significant decrease (P<0.001)
in the GLUT4 level (-15 and -58%, respectively) compared
with the OPC control and diabetic control group. The OPC
diabetic + wortmannin group exhibited a significant increase
(P<0.001) in the PI3K level (+10.69 and +23.42%, respectively),
as well as a significant increase (P<0.001) in the GLUT4 level
(+34.3 and +77.44%, respectively) compared with the diabetic
and wortmannin control groups (Fig. 1A).

Effect of OPC on liver GSK-3 in the studied groups. The
diabetic control group exhibited a significant increase in the
liver GSK-3 level compared with the normal control group.
The OPC diabetic group exhibited a significant decrease
(P<0.001) in the GSK-3 level (-17.53 and -48.08%, respectively)
compared with the OPC control and diabetic control groups.
The OPC diabetic + wortmannin group exhibited a significant
decrease (P<0.001) in the GSK-3 level (-32.64, -56.78 and
-53.76%, respectively) compared with the OPC, diabetic and
wortmannin control groups (Fig. 1B).

Effect of OPC on serum and pancreatic amylin levels in the
studied groups. The diabetic control group exhibited a signifi-
cant decrease (P<0.001) in the serum amylin level (-63.78%)
compared with the normal control group. Both the OPC
diabetic and OPC diabetic + wortmannin groups exhibited
an increase (P<0.001) in the serum amylin level (+49.95 and
+44.81%, respectively) compared with the diabetic control
group (Fig. 1C).

Compared with the normal control and wortmannin
control groups, the diabetic control group exhibited a signifi-
cant decrease (P<0.001) in the amylin level in pancreatic tissue
(-53.87 and -33.49%, respectively). The OPC diabetic group
exhibited a significant decrease (P<0.001) in the pancreatic
amylin level (-10.63%) compared with the OPC control group
and a significant increase (P<0.001) in the pancreatic amylin
level (+92.33%) compared with the diabetic control group.
The OPC diabetic + wortmannin group exhibited a significant
increase (P<0.001) in the pancreatic amylin level (+77.97 and
+18.36%, respectively) compared with the diabetic control
and wortmannin control group and a significant decrease
(P<0.001; -17.31 and -7.46%, respectively) compared with the
OPC control and OPC diabetic groups (Fig. 1C).

Discussion

Diabetes mellitus is one of the most prevalent chronic disease.
It develops due to metabolic dysregulation, impaired insulin
production, or insensitivity of insulin receptors (24). It is
characterized by hyperglycemia, abnormal lipid profile and
inappropriate consumption of glucose in addition to increased
reactive oxygen species (ROS) production and altered insulin
signaling and ROS-induced cellular damage that leads to severe
microvascular and macrovascular secondary complications (25).

However, the use of oral anti-hyperglycemic agents for
glycemic control has several limitations and severe adverse
effects; this has led diabetic patients to use natural products
with valuable therapeutic efficacy without side-effects (26).
The present study investigated the anti-diabetic and
anti-hyperlipidemic properties of proanthocyanidins in rats
with STZ-induced diabetes and aimed to elucidate the under-
lying molecular mechanisms of proanthocyanidins regarding
its effects on glucose, lipid metabolism and insulin signaling.

In the present study, T2D was induced in rats by an i.p.
injection of STZ to mimic the metabolic characteristics of
T2D. The findings revealed a significant increase in blood
glucose, TC, TG and LDL-C levels, along with a significant
decrease in insulin level and HDL-C levels in the diabetic
control group, as previously reported (17).

The dysregulation of lipid metabolism is common among
diabetic patients where the excessive production of free
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Figure 1. Effect on (A) muscular PI3K and GLUT4 (B) liver GSK (C) serum and pancreatic amylin levels in the different studied groups. Data are presented
as the mean + SEM, n=8-10 rats per group. The small letters on the top of the bars in the figure indicate significant differences as follows: a, significant differ-
ence vs. normal control (P<0.001); b, significant difference vs. OPC control (P<0.001); c, significant difference vs. diabetic control (P<0.001); d, significant
difference vs. OPC diabetic group (P<0.001); e, significant difference vs. wortmannin control (P<0.001). OPC, oligomeric proanthocyanidin; PI3K, phospha-
tidylinositol 3-kinase; GLUT4, glucose transporter 4; GSK-3, glycogen synthase kinase-3.

fatty acids and the induction of endocrine factors leads to a
decrease in the biological activity of insulin and insulin sensi-
tivity. Therefore, a disruption in lipid profiles is considered
a predictor of T2D development (27). The findings of the
present study demonstrated a significant increase in TC, TG
and LDL-C levels, along with a significant decrease in HDL-C
levels in the diabetic control group. By contrast, an improved
lipid profile was observed in the OPC diabetic group, which
exhibited a significant decrease in TC, TG, LDL-C, and a
significant increase in HDL-C compared with the normal
control, OOC control and diabetic control groups.

The physiological activities of insulin are exerted through
the post-insulin receptor cascade after binding insulin to its
receptors on the surface of cell membranes of target cells.
The PI3K/Akt signaling pathway is the dominant regulator
where the activation of PI3K, an essential protein involved in
glucose metabolism, increases the levels of phosphorylated
Akt, which activates downstream signaling molecules, such
as GSK-3f and GLUT4. Therefore, the PI3K/Akt signaling
pathway mediates glucose uptake and intracellular glycogen

synthesis in skeletal muscle tissues, glucose dysplasia
and glucose output in the liver. The inhibition of the PI3K
signaling pathway blocks glucose transportation to the
plasma membrane (28). It has been previously reported that
the dysregulation of the PI3K/Akt signaling pathway can lead
to impaired glucose and lipid metabolism and eventually, to
insulin resistance (29).

Wortmannin is a potent inhibitor of PI3K, which suppresses
the PI3K/Akt signaling pathway. It has also been previously
reported that the insulin-mediated induction of GSK-3f and
insulin receptor substrate-1 is suppressed by wortmannin (30).
In the present study, wortmannin was used to investigate the
molecular mechanisms of OPCs as anti-diabetic agents in
insulin signaling in the presence or absence of wortmannin,
where the levels of glucose metabolism-associated proteins,
including GSK-3f, PI3K and GLUT4 were evaluated.

The present study demonstrated that the OPC + wort-
mannin group exhibited a significant increase in HDL-C
levels, and a decrease in glucose, TG, TC and LDL-C
levels compared with the wortmannin control group. The
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wortmannin control group exhibited a significant increase in
glucose, TG, TC and LDL-C levels, and a decrease in HDL-C
levels compared with the normal control group. The OPC +
wortmannin group rats exhibited a significant increase in
PI3K and GLUT4 levels compared with the wortmannin
control group.

The data of the present study also demonstrated that the
diabetic control group exhibited a significant increase in liver
GSK-3 level compared with the normal control group. The
OPC diabetic group exhibited a significant decrease in the liver
GSK-3 level compared with OPC control and diabetic control
groups. The OPC diabetic + wortmannin group exhibited a
significant decrease compared to the OPC control, diabetic
control and wortmannin control groups.

The mechanisms underlying the effects of OPC extract
on the insulin signaling pathway were also investigated. The
results revealed that OPC exerted its hypoglycemic effects
through the activation of the PI3K/Akt pathway and the
stimulation of GLUT4 translocation, which in turn enhanced
glucose transport and cellular uptake, as well as lipid metabo-
lism in addition to reduced glycogenesis (GSK-3[3), which is in
line with the findings of previous studies (31-33).

Amylin is co-secreted with insulin by pancreatic 3-cells
and contributes to blood glucose homeostasis along with
insulin through complex neuronal, as well as endocrine path-
ways. The present study revealed a significant decrease in the
amylin level in the diabetic group vs. the normal control group;
however, the OPC diabetic groups with or without wortmannin
treatment exhibited a significant increase in amylin levels
compared to the diabetic group. These results are supported
by the findings of previous studies that demonstrated that the
induction of diabetes by STZ in rats resulted in the loss of the
ability to secrete amylin (34,35).

The present study had some limitations. First, the effect
of proanthocyanidins on the phosphorylation of Akt need to
be investigated. Second, the present study only evaluated the
expression of components on insulin signal pathway, but did
not evaluate their activities. Therefore, additional studies are
required to determine the underlying mechanism responsible
for the anti-diabetic action of OPC extract on the insulin
signaling pathway.

In conclusion, the findings of the present study provided a
biochemical basis for the beneficial use of OPCs for glycemic
control in diabetics. In the present study, treatment with OPC
showed anti-diabetic action by significantly decreasing the
blood glucose level and increasing the insulin level through the
regulation of the PI3K signaling pathway, increasing insulin
receptor downstream proteins, and decreasing glycogenesis
(GSK-3). Moreover, OPC also exerted anti-hyperlipidemic
effects by decreasing lipid profile levels. These results thus
suggest that OPC as a cinnamon extract has potential for use
in diabetic patients.
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