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Abstract

A growing body of evidence suggests a protective role of polyphenols and exercise training
on the disorders of type 2 diabetes mellitus (T2DM). We aimed to assess the effect of the
acai seed extract (ASE) associated with exercise training on diabetic complications induced
by high-fat (HF) diet plus streptozotocin (STZ) in rats. Type 2 diabetes was induced by feed-
ing rats with HF diet (55% fat) for 5 weeks and a single dose of STZ (35 mg/kg i.p.). Control
(C) and Diabetic (D) animals were subdivided into four groups each: Sedentary, Training,
ASE Sedentary, and ASE Training. ASE (200 mg/kg/day) was administered by gavage and
the exercise training was performed on a treadmill (30min/day; 5 days/week) for 4 weeks
after the diabetes induction. In type 2 diabetic rats, the treatment with ASE reduced blood
glucose, insulin resistance, leptin and IL-6 levels, lipid profile, and vascular dysfunction.
ASE increased the expression of insulin signaling proteins in skeletal muscle and adipose
tissue and plasma GLP-1 levels. ASE associated with exercise training potentiated the
reduction of glycemia by decreasing TNF-a levels, increasing pAKT and adiponectin
expressions in adipose tissue, and IR and pAMPK expressions in skeletal muscle of type 2
diabetic rats. In conclusion, ASE treatment has an antidiabetic effect in type 2 diabetic rats
by activating the insulin-signaling pathway in muscle and adipose tissue, increasing GLP-1
levels, and an anti-inflammatory action. Exercise training potentiates the glucose-lowering
effect of ASE by activating adiponectin-AMPK pathway and increasing IR expression.

Introduction

The type 2 diabetes mellitus (T2DM) is one of the most prevalent diseases in the world, being
responsible for a marked rate of mortality and morbidity in the general population [1]. The
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International Diabetes Federation estimated that 415 million adults have diabetes and pro-
jected that in 2040 this number will rise to 642 million people [2].

T2DM is a chronic, systemic metabolic disease that is related to a variety of genetic and
environmental factors, characterized by elevations in plasma glucose [1]. Insulin resistance
precedes and predicts the onset of T2DM in susceptible humans, and contributes to multiple
tissue defects characteristic of T2DM, including reduced insulin-stimulated glucose uptake in
insulin-sensitive tissues, increased hepatic glucose production, increased lipolysis in adipose
tissue, and altered insulin secretion [3,4]. In diabetic patients, the insulin resistance increases
the risk of developing serious cardiovascular and metabolic complications [5].

Polyphenols derived from fruits and vegetables are key mediators of antidiabetic effects [6].
They can modulate the digestion of starch and other carbohydrates [7] and, induce satiety [8],
mitigate non-enzymatic glycation, modulate hormonal responses [9], among several other
effects, which are altogether antidiabetic actions. The plant Euterpe oleracea Mart. (Aracaceae
family) is widely found in the Amazon region of Brazil, and its fruits, popularly known as
“acal” are rich in polyphenols [10].

We have reported that the acai seed extract (ASE), rich in catechin, epicatechin and poly-
meric proanthocyanidins [11,12], has an endothelium-dependent vasodilator effect [13], anti-
hypertensive, antioxidant [14-16], and anti-inflammatory properties [11,17], as well as a
hypolipidemic effect [12].

In clinical trials, it has been reported the benefits of physical activity and exercise in the pre-
vention of T2DM [18]. Exercise training seems to increase the availability of glucose, and
improve the glycemic control and dyslipidemia, reducing the risk of development of cardio-
vascular disease in patients with T2DM [19].

Until this moment, there is no report on the effect of ASE after the establishment of sus-
tained hyperglycemia in type 2 diabetic rats. Thus, we investigated whether ASE, rich in poly-
phenols, could reduce hyperglycemia in type 2 diabetic rats and evaluated if a regular exercise
training potentiates this effect. In addition, experiments were undertaken to determine the
mechanisms involved in the possible antidiabetic effect of ASE associated or not with exercise
training in this experimental model.

Materials and methods
Preparation of acai (Euterpe oleracea Mart.) seed extract

Euterpe oleracea Mart. Fruits were obtained from the Amazon Bay (Para State, Brazil). The
plant was identified at the Goeldi Museum (Belém do Par4, Brazil), where a voucher specimen
was deposited under number MG 205222. The hydroalcoholic extract was obtained from the
decoction of the acai seeds, as previously described [13]. Typically, 100 g of seed yielded
approximately 5 g of lyophilized extract. The content of polyphenols in ASE, measured by ana-
lyzing for total phenol by Folin—-Ciocalteu procedure was around 265 mg/g of extract.

Polyphenol analyses

The analysis of the aqueous fraction residue from ASE by high- performance liquid chroma-
tography (HPLC) and MALDI-TOF mass spectrum was recently reported by our group
[11,12]. The HPLC analysis of ASE revealed that it is composed by proanthocyanidins (88% of
the total area) and in a minor extent catechin and epicatechin. The chemical and spectrometric
analysis revealed that ASE is composed predominantly of polymeric procyanidins, heteropoly-
mers with one gallocatechin unit and, a minor extent, of galloylated procyanidins [12] (S1
File).
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Induction of experimental diabetes in rats

The experiments were conducted in accordance with Brazilian animal protection and welfare
laws and the protocol was approved by the Ethics Committee for Experimental Animals Use
and Care (CEA) of the Institute of Biology / Rio de Janeiro State University (protocol: CEA/
058/2012). The animals were housed in a room with controlled temperature and dark-light
cycles. Male Wistar rats weighing 180-200 g were randomly divided into two nutritional
groups: a standard chow diet (Control; 10% energy from lipids of soybean oil, 76% from carbo-
hydrate, and 14% from protein; 3.8 kcal/g; n = 40), and a high-fat diet (HF; 55% energy from
lipids of pork lard and soybean oil, 31% from carbohydrate, and 14% from protein; 5.2 kcal/g;
n = 40). The diets were manufactured by Pragsolutions Biosciences (Sao Paulo, Brazil), in
accordance with the recommendations of the American Institute of Nutrition (AIN-93M)
[20]. Three weeks after beginning the experimental diet, HF group was fasted for 12 h (free
access to water) and received streptozotocin (STZ) (35 mg/kg in citrate buffer i.p.; pH: 4.4), as
previously described [21]. The control group received an intraperitoneal injection of the vehi-
cle solution. Two weeks after STZ injection, and five weeks after beginning the experimental
diet, rats from the HF group with blood glucose levels above 11.66 mmol were considered dia-
betic. At this point, the animals were submitted to exercise training and/or ASE treatment for
4 weeks. ASE (200 mg/kg/day) was administered by intragastric gavage and the exercise train-
ing was performed on a treadmill (30 min/day; 5 days/week). During this period, all groups
were fed with standard chow diet and glycemia was determined by a glucometer (Accu-Chek
Active, Roche, Mannheim, Germany) once a week, as well as body weight (Fig 1). The animals
were divided into controls and diabetics treated or not based on their glycemic levels, as previ-
ously described [21]. Therefore, this study was performed with eight groups. The Control (C)
group was subdivided into: Sedentary C, Training C, ASE Sedentary C and ASE Training C.
The Diabetic (D) group was subdivided in: Sedentary D, Training D, ASE Sedentary D and
ASE Training D.

Exercise training

Exercise training was performed on a treadmill (Insight Equipments, Brazil), 5 days per week,
30 minutes per day for 4 weeks. The velocity was progressively increased to 50% to 60% of the
maximal velocity obtained during a maximal treadmill stress test, 0% grade [22].

Insulin, HOMA-IR, HOMA-B and glycosylated hemoglobin (HbA1c)

Insulin concentrations were determined with the Insulin 125I radioimmunoassay (RIA) Kit
(MP Biomedicals, LLC-Orangeburg, NY). Homeostasis model assessment of insulin resistance

40 Wistar rats Sacrifice
HF diet BWT
BWT GLU N
GLU GLU = 210 mg/dL Analyzes: SR
Standard diet
ASE (200 mg/Kg) N ﬁ
v STZ (35 mg/Kg) Exercise griih s
BWT BWT BWT BWT BWT BWT BWT
A 1{ maB
i GLU GLU GLU GLU GLU GLU GLU
| | | | | | | | |
| | | | | | | | |
12 22 3 4 52 62 7 82 92

Weeks

Fig 1. Timeline of the experimental protocol. Schematic figure illustrating the timeline of the experimental protocol.
The abbreviations of the figure include HF (high fat); BWT (body weight); GLU (glucose); STZ (streptozotocin); ASE
(agai seed extract); SR (serum); VAT (visceral adipose tissue); SM (skeletal muscle) and MAB (mesenteric arterial bed).

https://doi.org/10.1371/journal.pone.0199207.9001
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(HOMA-IR), and homeostasis model assessment of B-cell function (HOMA-B) were calcu-
lated by the following equations [23]: HOMA-IR = (fasting serum insulin in mU/mL x fasting
serum glucose in mg/dL) / (405). HOMA-B = (20 x fasting serum insulin in pIU/mL) / (fasting
glucose in mmol/L- 3.5). Determination of serum HbAc is based on turbidimetric inhibition
immunoassay of whole blood hemolysate using a kit (Roche®), performed by automatic ana-
lyzer A25 BioSystems®).

Lipid profile

Serum total cholesterol (T'C), high-density lipoprotein (HDL), low-density lipoprotein (LDL)
and triglyceride (TG) were analyzed by colorimetric assay (Bioclin, Belo Horizonte, Brazil).
The VLDL (very low-density lipoprotein) calculation was done by triglyceride/5.

Western blotting

The expressions of insulin receptor (IR), protein kinase b (AKT), phosphorylated protein
kinase b (pAKT), glucose transporter 4 (GLUT-4) were evaluated in soleus muscle and visceral
adipose tissue homogenates. In addition, the expression of adiponectin and phosphorylated
adenosine monophosphate-activated protein kinase (pAMPK) were evaluated respectively in
adipose tissue and soleus muscle homogenates. Muscle and adipose tissue samples were
homogenized in cold lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% SDS, 5 mM
EDTA, 50 mM NaF and 1% Triton X-100) containing Complete Protease Inhibitor Cocktail
Tablets (Roche, Basel, Switzerland) using a Ultra-Turrax homogenizer (IKA Werke GmbH &
Co. KG, Staufen, Germany). The total protein content was determined by the BCA protein
assay kit (Pierce, Rockford, IL, USA). Samples (20 pg total protein) were electrophoresed in
10% tris-glycine sodium dodecyl sulfate-polyacrylamide gels. Proteins were transferred to
polyvinylidene fluoride membranes (Hybond ECL; Amersham Pharmacia Biotech, London,
UK). The blots were blocked with 5% bovine albumin (Sigma-Aldrich Co., St. Louis, MO,
USA) in T-TBS (0.02 M Tris/0.15 M NaCl, pH 7.5, containing 0.1% Tween 20) at room tem-
perature for 1 h and incubated with primary antibodies (1:1000 concentration) overnight at
4°C. After washing with T-TBS, blots were incubated with corresponding secondary conju-
gated antibodies at 1:5000 and 1:10000 concentration for 1 h. Antibodies were purchased from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). We also incubated all membranes with o-
actin antibody to avoid possible inconsistency in protein loading and/or transfer. Blots were
developed with enhanced chemiluminescence (ECL; Amersham Biosciences Inc., Piscataway,
NJ, USA). The signals were visualized by ChemiDoc Resolutions System and determined by
quantitative analysis of digital images of gels using Adobe Photoshop version 13.0 (Adobe Sys-
tem Incorporated).

Serum assays

The concentrations of interleukin 6 (IL-6), tumor necrosis factor alpha (TNFa), leptin and glu-
cagon-like peptide-1 (GLP-1) were determined by an enzyme-linked immunosorbent assay
(ELISA) using commercially available kits (PeproTech®), Rocky Hill, USA; Sigma, St Louis,
MO, USA). Briefly, the well plate was pre-coated with capture antibodies (anti-IL-6, anti-TNF-
o, anti-leptin and anti-GLP-1) overnight. The plate was washed with phosphate buffer solution
and blocked for 1 hour. Then, 100 pl of the samples were added and incubated for 2 h at room
temperature. After washing, 100 ul of the respective detection antibody was added and incu-
bated for 2 h at room temperature. After washing, 100 pl of Avidin-horseradish peroxidase
conjugate was added and incubated for 30 min at room temperature. Finally, the ABTS liquid
substrate was added to the wells and the plate color development was monitored every 5 min
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for approximately 40 min. The absorbance was measured at 405 nm with wavelength correc-
tion set at 650 nm (Bio-Rad Model 550; Hercules, CA, USA). A standard curve was used to
determine the amount of IL-6, TNF-q, leptin, and GLP-1 in the samples.

Vascular perfusion studies

The mesenteric arterial bed (MAB) from the different experimental groups was isolated as pre-
viously described [24]. The MAB was rapidly removed, cannulated, and perfused at a flow rate
of 4 ml/min with the physiological salt solution (PSS) using a peristaltic pump (Model MINI-
PLUS 3, Gilson ®). The PSS (composition, mmol/l: NaCl 118, KCl1 4.7, CaClI2 2.5, MgSO4 1.2,
KH2PO4 1.2, NaHCO3 25, EDTA 0.026, and glucose 6.0) was bubbled with 95% O2 /5% CO2
at 37°C. Perfusion pressure (PP) was measured using a pressure transducer (PowerLab 4/30)
and continuously registered on a computer through the LabChart 7 reader program. The
drugs were either dissolved in PSS and perfused at the desired concentration or were adminis-
tered as bolus injections directly into the perfusion stream, close to the arterial cannula. The
preparations were left to equilibrate for 30 min. Then, injections of 120 pmol of KCl were
administered every 10 mins until consistent responses were obtained. After the equilibration
period, basal perfusion pressure (BPP) was elevated (80-100 mm Hg) by adding norepineph-
rine (NE; 30 uM) to the perfusion solution. After the vasopressor response of NE reached a
constant plateau, different doses of acetylcholine (ACh, 1-1000 pmol) and nitroglycerine (NG,
1-1000 nmol) were injected to test the endothelium-dependent and independent vasodilator
responses, respectively. NE (1-3000 nmol) was also injected to test the vasoconstrictor
responses in MAB with BPP. The vasodilation was expressed as a percentage decrease in the
pressor effect of NE and vasoconstriction was represented as a percentage increase in BPP.

Statistical analysis

Data are shown as the mean and standard error of the mean. Differences among groups were
analyzed by a one-way analysis of variance (one-way ANOVA) and post-hoc test of Tukey
using IBM SPSS Statistics (IBM corporation software, Inc., Chicago, USA). The Western blot-
ting data were analyzed with the one-way ANOVA and post-hoc test of Tukey for the differ-
ences between all groups and the differences between two groups were evaluated by the
unpaired Student’s t-test using GraphPad Prism version 5.0 (GraphPad Software, San Diego,
USA). The glycaemia, body weight and vascular reactivity data were analyzed with the two-
way ANOVA and post-hoc test of Tukey using Prism version 5.0 (GraphPad Software, San
Diego, USA). P values less than or equal to 0.05 were accepted as statistically significant.

Results

Effects of ASE and exercise training on body weight, glycemia, HbAlc and
lipid profile

The body weight was not significantly different among groups during the experimental proto-
col (Fig 2B), but the body weight gain was different between the weeks (p < 0.05) in all the
groups.

The blood glucose levels were increased (p < 0.05) after diabetes induction in all type 2 dia-
betic groups compared with the control groups (Fig 2A). After the first week of treatment, ASE
associated with exercise training markedly reduced (p < 0.05) glycemic levels in type 2 diabetic
rats compared with the ASE and/or exercise training alone (Fig 2A).

Final blood glucose levels were elevated (p < 0.05) in the Sedentary D group compared with
the control groups (Fig 2A). Treatment with ASE, or exercise training, reduced (p < 0.05) the
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Fig 2. Glycemic levels and body weight. Effect of treatment with ASE (200mg/Kg/day) and exercise training (30 min/
day; 5 days per week) on blood glucose levels (A) and body weight (B) in type 2 diabetic rats. Data are mean + SEM,

n = 10 for all groups. *Significantly different (p<0.05) from Controls; *Significantly different (p < 0.05) from
Sedentary D; *Significantly different (p < 0.05) from Training D; ®Significantly different (p < 0.05) from ASE
Sedentary D.

https://doi.org/10.1371/journal.pone.0199207.g002

glucose levels in type 2 diabetic rats, compared with the Sedentary D group (Fig 2A). The
reduction of glycemia induced by the association of ASE, plus exercise training was signifi-
cantly higher (p < 0.05) than the effect of ASE or exercise training alone (Fig 2A). In addition,
the association of ASE plus exercise training significantly reduced (p < 0.05) the blood glucose
in ASE Training D rats to levels close to those in the Sedentary C rats (Fig 2A). Also, the glu-
cose levels were different between the weeks (p < 0.05) in all the treated groups.

The Sedentary D group showed an increased (p < 0.05) HbAlc serum levels compared with
the control groups (Table 1), as observed in blood glucose levels. Notably, the treatment with
ASE plus exercise training decreased (p < 0.05) the HbA1c levels compared with Sedentary D
and Training D groups (Table 1).

Table 1. Effects of ASE (200mg/Kg/day) and exercise training (30 min/day; 5 days per week) on HbAlc serum levels and lipid profile in type 2 diabetic animals.

Variables Sedentary C | Training C | ASE Sedentary C | ASE Training C  |Sedentary D | TrainingD | ASE Sedentary D | ASE Training D
HbAlc (mg/dL) | 3.61+0.06 3.55+0.09 3.66 + 0.06 3.57 £0.05 7.75+0.18* 6.75+0.63* | 6.90 +0.35* 5.15+0.72**
TG (mg/dL) 46.0 + 4.81 36.8 +£2.61 40.2 + 4.64 31.8 +3.49 80.0 + 3.69* 29.2 +4.517 | 45.0 £9.39° 41.0 +7.22%

TC (mg/dL) 38.7 £2.51 34.5+1.04 38.9+1.92 34.1+1.10 67.9 £ 6.01" 37.5+2.75" |39.9+2.0" 32.9 +2.54°
VLDL (mg/dL) 9.20 £ 0.96 7.36 +£0.52 8.05+0.93 6.36 +0.70 16.0 £ 0.73" 5.85+0.90" |9.00+1.87" 8.22 +1.44"
LDL (mg/dL) 7.04 +0.93 7.78 £ 1.69 6.88 +1.08 7.18 +1.52 12.5 +1.52 7.18 £ 1.86 7.79 £ 1.63 7.06 + 1.27
HDL (mg/dL) 33.5+1.92 37.9+2.17 37.8+£3.29 39.2+1.14 23.4 +1.64" 30.6 £2.34 30.9 £ 1.51 34.3 £2.06%
Data are means + SEM, n = 6 for all the experiments.

*Significantly different from Controls (p < 0.05; ANOVA)

"Significantly different from Sedentary D (p < 0.05; ANOVA)

$Significantly different from Training D (p < 0.05; ANOVA).

https://doi.org/10.1371/journal.pone.0199207.t001
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The serum levels of triglyceride, total cholesterol and VLDL were higher (p < 0.05) in the
Sedentary D group than in the control animals (Table 1). ASE treatment and exercise training,
associated or not, reduced (p < 0.05) those levels in type 2 diabetic rats (Table 1). HDL level
was decreased (p < 0.05) in the Sedentary D group compared with that of control animals
(Table 1). Only the ASE treatment associated with exercise training increased the HDL levels
(p < 0.05) in type 2 diabetic groups (Table 1). The LDL levels were not different among groups
(Table 1).

Effects of ASE and exercise training on insulin level, HOMA-IR and
HOMA-B

Insulin level was higher (p < 0.05) in the Sedentary D and Training D animals than in the con-
trol groups (Fig 3A). Treatment with ASE, alone or associated with exercise training, reduced
(p < 0.05) the insulin levels (Fig 3A). Exercise training alone did not alter insulin levels in type
2 diabetic rats.

HOMA-IR index was increased (p < 0.05) in Sedentary D and Training D groups com-
pared with the control groups. Treatment with ASE, as well as exercise training, reduced
(p < 0.05) this index in type 2 diabetic rats compared with the Sedentary D group (Fig 3B).
The reduction of insulin resistance induced by the association of ASE, plus exercise training
was significantly more pronounced (p < 0.05) than the effect of exercise training alone (Fig
3B) but was similar to that of the ASE sedentary D group.

HOMA-B index was lower (p < 0.05) in the Sedentary D group than in control groups (Fig
3C). ASE treatment and exercise training associated or not, increased (p < 0.05) B-cell function
in type 2 diabetic rats (Fig 3C).

Effects of ASE and exercise training on insulin signaling expression in
skeletal muscle

The Sedentary D group showed a decreased (p < 0.05) IR expression in skeletal muscle com-
pared with the control groups (Fig 4A). The exercise training alone enhanced (p < 0.05) this
protein expression, whereas the ASE treatment alone did not alter the IR expression (Fig 4A).
In contrast, the treatment with ASE plus exercise training further increased (p < 0.05) the IR
expression compared with the exercise training alone (Fig 4A).

The expression of AKT was not significantly different between control and diabetic groups,
except the Training C group that demonstrated increased (p < 0.05) AKT content (Fig 4B). In
contrast, the expression of pAKT was markedly reduced in the Sedentary D group relative to
the control groups (Fig 4C). ASE, but not the exercise training alone increased (p < 0.05) the
PAKT expression in type 2 diabetic rats, without further increase in the ASE training D group
(Fig 4C). GLUT-4 expression was lower (p < 0.05) in the Sedentary D group than in control
groups (Fig 4D). The treatment with ASE or exercise training alone or in association increased
(p < 0.05) the expression to levels close to the controls (Fig 4D).

Effects of ASE and exercise training on pAMPK expression in skeletal
muscle

The Sedentary D group showed decreased (p < 0.05) pAMPK expression in muscle compared
with the control groups (Fig 4E). The ASE Training D group presented an increase (p < 0.05)
in this protein content, compared with the Sedentary D (Fig 4E). However, ASE and exercise
training alone did not modify the pAMPK expression (Fig 4E).
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Fig 3. Insulin resistance and -cell function. Effect of treatment with ASE (200mg/Kg/day) and exercise training (30
min/day; 5 days per week) on serum insulin levels (A), HOMA-IR (B) and HOMA-B (C) indexes in type 2 diabetic
rats. Data are mean + SEM, n = 6 for all groups. *Significantly different (p < 0.05) from Controls; *Significantly
different (p < 0.05) from Sedentary D. *Significantly different (p < 0.05) from Training D.

https://doi.org/10.1371/journal.pone.0199207.9003

Effects of ASE and exercise training on insulin signaling and adiponectin
expressions in adipose tissue

The expression of IR in adipose tissue was increased (p < 0.05) in all diabetic groups compared
with the control groups (Fig 5A), whereas the exercise training alone increased (p < 0.05) the
expression of this receptor in Training D group compared with all other diabetic groups (Fig
5A).
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Fig 4. Expression of insulin cascade and pAMPK protein. Effect of treatment with ASE (200mg/Kg/day) and
exercise training (30 min/day; 5 days per week) on IR (A), AKT (B), pAKT (C), GLUT-4 (D) and pAMPK expressions
in skeletal muscle from type 2 diabetic rats. Data are mean + SEM, n = 4 for all groups. Using one-way ANOVA:
*Significantly different (p < 0.05) from Controls; *Significantly different (p < 0.05) from Training C; *Significantly
different (p < 0.05) from Sedentary D; *Significantly different (p < 0.05) from Training D; Significantly different

(p < 0.05) from ASE Sedentary D. Using unpaired Student’s t-test: *Significantly different (p < 0.05) from Sedentary
D.

https://doi.org/10.1371/journal.pone.0199207.g004
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unpaired Student’s t-test: “Significantly different (p < 0.05) from Sedentary D.

https://doi.org/10.1371/journal.pone.0199207.9005

The expression of AKT was not significantly different between the groups (Fig 5B). How-
ever, pAKT expression was reduced in Sedentary D, Training D and ASE Sedentary D groups
(p < 0.05) compared with the control groups (Fig 5C). ASE treatment associated with exercise
training markedly increased (p < 0.05) this protein content in the type 2 diabetic rats (Fig 5C).

All diabetic groups showed decreased (p < 0.05) expression of GLUT-4 compared with con-
trol groups (Fig 5D). However, GLUT-4 content was increased (p < 0.05) by treatment with
ASE alone or associated with exercise training compared with the Sedentary D group (Fig 5D).

Adiponectin protein expression was reduced (p < 0.05) in Sedentary D and Training D
groups compared with control groups (Fig 5E).

The treatment with ASE plus exercise training markedly increased (p < 0.05) the adiponec-
tin expression (Fig 5E); whereas the tendency of ASE to increase this protein expression was
not significantly different (Fig 5E).
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Effects of ASE and exercise training on GLP-1, leptin and proinflammatory
cytokines

The Sedentary D group showed a tendency of decreased GLP-1 serum level compared with the
control groups (Table 2). The treatment with ASE alone or associated with exercise training
increased (p < 0.05) this incretin level (Table 2). However, exercise training alone did not sig-
nificantly increase the GLP-1 level in type 2 diabetic rats (Table 2).

The Sedentary D group showed increased (p < 0.05) leptin serum level compared with the
control groups (Table 2). Treatment with ASE, alone or associated with exercise training pre-
sented a decrease (p < 0.05) in this adipokine compared with the Sedentary D (Table 2).

The serum levels of IL-6 and TNF-a were higher (p < 0.05) in the Sedentary D group than
in the control animals (Table 2). ASE treatment and exercise training, associated or not,
reduced (p < 0.05) the IL-6 levels in type 2 diabetic rats (Table 2), whereas only the ASE treat-
ment associated with exercise training reduced (p < 0.05) the TNF-o levels compared with the
Sedentary D group (Table 2).

Effects of ASE and exercise training on vascular reactivity

The reduced (p < 0.05) ACh-induced vasodilation and the increased (p < 0.05) NE-induced
vasoconstriction in MAB from Sedentary D group were restored (p < 0.05) by treatment with
ASE and exercise training alone or associated in type 2 diabetic rats (Fig 6A and 6C). Endothe-
lium-independent response to NG was not different among groups (Fig 6B). In addition, the
vascular responses were different (p < 0.05) between the doses of ACh, NE, and NG in all the
control and diabetic groups, excepted between NG doses in Sedentary D group.

Discussion

Previous studies in animals have shown that the association of high-fat diet and a low dose of
STZ develop many of the features described and observed in human patients with T2DM, sug-
gesting that this model could be used to test antidiabetic agents for the treatment of T2DM
[25-27]. Currently, the drugs used in the treatment of diabetes, such as metformin, sulfonyl-
urea, rosiglitazone, and a-glucosidase inhibitors all impart severe side-effects after prolonged
treatment [28], demonstrating that the development of new antidiabetic agents is necessary.
Our group has previously demonstrated that treatment with ASE, rich in catechin, epicate-
chin, and polymeric proanthocyanidins prevented the development of hyperglycemia in obese
mice [12] and in type 1 diabetic rats [17]. In the present study, we showed for the first time
that treatment with ASE significantly reduced blood glucose levels after diabetes induction. In
addition, this effect was more pronounced when ASE was associated with exercise training,

Table 2. Effects of ASE (200mg/Kg/day) and exercise training (30 min/day; 5 days per week) on glucagon-like peptide-1 (GLP-1), leptin, and anti-inflammatory
cytokine serum levels in type 2 diabetic animals.

Variables Sedentary C | Training C | ASE Sedentary C | ASE Training C |Sedentary D | TrainingD |ASE Sedentary D | ASE Training D
GLP-1 (pmol/L) 10.1 +0.45 8.68 £ 0.61 8.47 £0.53 10.0 £0.76 6.77 £ 1.44 10.9 +0.84 12.4 + 1.05" 11.6 + 1.0*
Leptin (pg/mL) 341.5 +50.3 318.0 +14.1 373.9 £ 60.6 270.8 +£10.8 596.0 + 69* 288.2 + 50" 372.5+ 28" 280.6 + 19*

IL-6 (pg/mL) 22.0+3.6 25.0+4.5 22.7+0.9 22.5+1.7 37.0+2.1% 223+ 1.7% 20.2 +3.0° 20.0 +3.0°
TNF-o (pg/mL) 60.0 + 12.6 46.0 +10.1 42.4+19.8 70.8 £12.5 130 + 6.04* 74.8 £16.7 79.4+17.6 66.8 +4.97*

Data are means + SEM, n = 6.
* Significantly different from Controls (p<0.05; ANOVA)
"Significantly different from Sedentary D (p < 0.05; ANOVA).

https://doi.org/10.1371/journal.pone.0199207.t002
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Fig 6. Mesenteric vascular reactivity. Effect of treatment with ASE (200mg/Kg/day) and exercise training (30 min/
day; 5 days per week) on vasodilator effects of ACh (A) and NG (B), and vasoconstrictor effects of NE (C) in

mesenteric arterial bed from type 2 diabetic rats. Data are mean = SEM, n = 10 for all groups. *Significantly different
(p < 0.05) from Controls; *Significantly different (p < 0.05) from Sedentary D.

https://doi.org/10.1371/journal.pone.0199207.9006

and this association was the only one able to reduce glycemic levels in the first week of the
treatment and to normalize these levels at the end of the treatment, demonstrating an impor-
tant antidiabetic effect that improves metabolism and vascular function in type 2 diabetic rats.
We also investigated the underlying mechanisms involved in the antidiabetic action of ASE
and whether exercise training increases this effect.

In accordance with previous findings [29], we found a significant increase in blood glucose,
serum insulin, and HbAIc levels, HOMA index and a significant decrease in HOMA-B index
in type 2 diabetic rats. Those metabolic changes were corrected by ASE treatment, except
HbAc levels that were reduced in ASE Training D group, indicating that the antidiabetic
effect of ASE is markedly related to the decrease of hyperinsulinemia, reduction in HOMA
index and improvement of beta-cell function. These effects may be due to proanthocyanidins
and catechins that occur in ASE since those polyphenols decreased intestinal glucose absorp-
tion [30,31], have an antioxidant effect that protected beta-cell against toxicity promoted by
hyperglycemia [32], and ameliorated insulin sensitivity [33]. However, differently from ASE
treatment, a decrease of hyperglycemia induced by exercise training alone was not dependent
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on the reduction of high insulin levels, which is in agreement with a previous study [34]. This
hypoglycemic effect of exercise may be due to the increase of insulin sensitivity and improve-
ment of beta-cell function in type 2 diabetic rats.

The antidiabetic actions observed in the present study may be due to the beneficial effect of
ASE on insulin signaling. Skeletal muscle is a key insulin-sensitive organ and plays a major
role in maintaining whole-body glucose homeostasis [35]. In T2DM, insulin signaling is dis-
rupted in skeletal muscle, with increased serine phosphorylation of insulin receptor substrate 1
(IRS1), decreased AKT phosphorylation, and reduced translocation of the glucose transporter
GLUT4 to the sarcolemmal membrane, thus impairing glucose uptake [3]. These molecular
changes were confirmed in the present study in skeletal muscle of Sedentary D group. Our
findings also indicate that the reduction of blood glucose levels induced by treatment with
ASE may be not due to an increase in IR expression as observed to exercise training, but prob-
ably involves upregulation of pAKT and GLUT-4 transporter expressions in muscle. Mean-
while, the hypoglycemic effect induced by exercise training is probably due to the increased
expression of IR, suggesting that ASE and exercise training exerts its antidiabetic effects by
activation of different points of the insulin signaling pathway in type 2 diabetic rats. Impor-
tantly, we also demonstrated that ASE treatment potentiates the effect of exercise training on
IR expression, emphasizing a positive correlation between the association and hypoglycemic
effect. The insulin-sensitizing effect of polyphenolic compounds in skeletal muscle of diabetic
mice was demonstrated by a previous study [36]. It has also been shown that exercise training
in type 2 diabetic rats improved insulin-stimulated glucose transport in skeletal muscle [37].

Insulin resistance in adipose tissue of T2DM results in the reduction of glucose uptake and
inability to suppress lipolysis, leading to increased release of free fatty acids and glycerol from
adipose stores, further increasing plasma free fatty acids [3]. In the current study, we found a
lipid dysfunction in the Sedentary D group, which may be induced by insulin resistance with
reduced pAKT and GLUT-4 expressions in adipose tissue. Thus, the increase of insulin sensi-
tivity promoted by ASE and exercise training may play an important role in the hypolipidemic
effect observed in type 2 diabetic rats. The hypolipidemic effect of ASE was previously
described by our group in obese mice [12], and other studies have also shown that polypheno-
lic compounds activated insulin signaling pathways in skeletal muscle and adipose tissue of
diabetic mice and type 2 diabetic rats [36,38].

Interestingly, we observed enhanced IR expression in adipose tissue of all diabetic groups.
However, exercise training markedly increased IR expression in the adipose tissue as observed
in smooth muscle of type 2 diabetic rats but did not alter downstream insulin signaling pro-
teins, which is not consistent with other studies demonstrating that exercise training up-regu-
lated insulin signaling in adipose tissue of obese rat and type 2 diabetic rats [39,40]. The
possible reasons for this divergence may involve the distinct experimental protocols relative to
the exercise training. Meanwhile, the improvement in insulin sensitivity promoted by ASE
may be at least in part due to an increase in GLUT-4 expression in adipose tissue. Further-
more, ASE treatment associated with exercise training, but not alone, markedly increased the
PAKT expression, demonstrating once again a positive correlation of this association. These
findings in adipose tissue reinforce the suggestion that ASE and exercise training have differ-
ent influences on insulin signaling and consequently on the control of glucose metabolism, but
when associated may upregulate the insulin pathway as observed for the increased expression
of IR in smooth muscle and pAKT in adipose tissue. Altogether, these findings demonstrate an
in vivo antidiabetic effect, associated with a marked improvement of insulin signaling pathway
in muscle and adipose tissues by ASE associated or not with exercise training in type 2 diabetic
rats.
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Evidence has shown that adiponectin, an adipocyte-secreted adipokine involved in the con-
trol of basal metabolism is markedly reduced in T2DM [41], which favors the deregulation in
glucose and insulin metabolism [42]. Therefore, the hyperglycemia observed in the Sedentary
D group can be mediated in part by the decreased adiponectin protein expression in adipose
tissue. The tendency of ASE to increase adiponectin expression is consistent with a previous
finding of our group showing increased serum levels of adiponectin in obese mice [12], sug-
gesting that the increase of this adipokine by ASE could play a role in the antidiabetic effect of
ASE. We also demonstrated that exercise training alone did not change adiponectin expression
in Training D group. However, another study with a different protocol of exercise training
demonstrated increased serum levels of adiponectin in type 2 diabetic rats [43]. Notably, ASE
treatment associated with exercise training markedly increased the adiponectin expression in
type 2 diabetic rats, demonstrating an important role of this association on the antidiabetic
effect observed in the present study.

Modulation of the pathophysiology of diabetes induced by adiponectin may be due to the
increase in glucose uptake mediated by AMPK activation [44], that stimulate phosphorylation
of downstream target of AKT, increasingly, therefore, the translocation of the GLUT-4 trans-
porter [45]. We found in Sedentary D group a reduced skeletal muscle pAMPK expression,
which is in agreement with previous findings in the same model [46]. ASE and exercise train-
ing alone did not significantly increase pAMPK expression in ASE Sedentary D group, but
ASE extract increased this protein expression in liver of type 2 diabetic rats [47]. The metfor-
min, an antidiabetic drug, increased the AMPK activation in the liver after one week of treat-
ment, but not in skeletal muscle, suggesting a time-dependent effect of metformin on the
regulation of skeletal muscle AMPK [37], which may also occur in the ASE effect. Notably,
ASE treatment associated with exercise training increased pAMPK expression in skeletal mus-
cle of type 2 diabetic rats. Thus, our findings suggest that the activation of the adiponectin-
AMPK pathway may play an important role in the early hypoglycemic effect of ASE associated
with exercise observed after the first week of the treatment.

Proinflammatory cytokines and high levels of leptin, secreted from the adipose tissue, also
contribute to the induction of insulin resistance in T2DM [44]. Consistent with previous find-
ings [48], we found a significant increase in leptin, IL-6 and TNF-o serum levels in type 2 dia-
betic rats, indicating leptin resistance and inflammation. Notably, ASE and exercise training,
alone or associated decreased leptin and IL-6. However, only ASE associated with exercise
training reduced TNF-o serum levels in type 2 diabetic rats, which may contribute to the
improvement of insulin sensitivity. The polyphenols present in the extract [12] may contribute
to the insulin-sensitizing effect of ASE, since it has been reported that ASE, as well as exercise
training, decrease leptin serum levels and mediate anti-inflammatory actions [12,17,43,49].

Another important mechanism for glycemic control, GLP-1 an incretin synthesized in the
intestine and secreted postprandially, has been reported to stimulate insulin secretion, sup-
press glucagon secretion and slow gastric emptying [50]. In the present study, the treatment
with ASE alone, or associated with exercise training, increased serum GLP-1 levels in type 2
diabetic rats, similar to antidiabetic drugs as exenatide and liraglutide [51]. Considering that
ASE is rich in polyphenols [12], our present results are in accordance with a recent study dem-
onstrating that polyphenols from various sources stimulate GLP-1 secretion and increase its
half-life by inhibiting dipeptidyl-peptidase-4, an enzyme responsible for its hydrolysis [6].
Therefore, we suggest that the increase in GLP-1 levels also contributes to the antidiabetic
effects of ASE. Interesting, we observed that exercise training alone did not alter this incretin,
which is in agreement with previous studies [52,53].

Diabetic endothelial dysfunction develops as a consequence of hyperglycemia that disba-
lances the vasodilator and vasoconstrictor equilibrium, resulting in abnormal vasomotor
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control [5]. These vascular dysfunctions in type 2 diabetic rats were confirmed in the present
study since ACh-induced vasodilation was reduced and NE-induced vasoconstriction was
increased in MAB from diabetic animals. ASE and exercise training, alone or in combination
reverted these vascular dysfunctions in type 2 diabetic rats. These results are in agreement with
previous studies with polyphenolic compounds [54] and exercise training [55]. Previous stud-
ies by our group showed that ASE induces vasodilation mediated by nitric oxide/cyclic guano-
sine monophosphate pathway in combination with endothelium-dependent hyperpolarizing
factor [13] and by its antioxidant actions [16, 17]. Meanwhile, the reduced serum levels of the
plasminogen activator inhibitor-1 factor, the increased endothelial nitric oxide synthase activ-
ity and nitric oxide level, play an important role in the beneficial effect of exercise training
relieving the injury degree of endothelial cells and improving the function of fibrinolytic sys-
tem [56]. These findings suggest that the antidiabetic effect induced by ASE and exercise train-
ing alone or in combination, contribute to the improvement of vascular function in type 2
diabetic rats.

Conclusion

In summary, we demonstrated that ASE treatment has an antidiabetic effect that corrects
hyperglycemia, dyslipidemia and vascular dysfunction in type 2 diabetic rats. The mechanisms
underlying the antidiabetic effect of ASE may involve the reduction of hyperinsulinemia, acti-
vation of insulin-signaling in muscle and adipose tissue, elevation of GLP-1 levels, and an anti-
inflammatory property that contribute to the improvement of insulin sensitivity and therefore
to glucose-lowering. The beneficial effects of ASE in the type 2 diabetes are increased by exer-
cise training, probably through adiponectin-AMPK pathways and by increasing IR expression
in skeletal muscle. This preclinical study opens a possibility for the use of ASE treatment alone
or in combination with exercise training in the treatment of T2DM.
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