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Abstract

Type 2 Diabetes Mellitus patients are predisposed to serious cardiovascular morbidity and mortality. Diabetes
causes different structural and functional alterations in the myocardial tissue, which are induced by hyperglycemia,
insulin resistance, and hyperlipidemia. The resulting cardiomyopathy is characterized by myocardial fibrosis,
dysfunctional remodeling and eventually, clinical heart failure. This study addressed the effects of resveratrol and
pioglitazone to ameliorate diabetic cardiovascular complications using a db/db diabetic mice model. Male db/db
diabetic mice were randomly assigned to orally receive resveratrol (50 mg/kg, n=5), resveratrol/pioglitazone (50
mg/kg and 20 mg/day, respectively, n=5) for the space of 6 weeks. Non-diabetic lean mice (n=5) were included as a
control group. Histopathological analyses were performed in heart and aortic vessel tissue samples using
hematoxylin and eosin, as well as Masson Trichromic staining. VCAM-1 immunohistochemistry was also assessed.
Blood glucose, hemoglobin A1c, insulin, glycosuria, triglycerides, cholesterol, and LDL cholesterol were all
examined. Present data suggest that the combination of pioglitazone plus resveratrol significantly lower circulating
levels of insulin, hemoglobin A1c, glucose, triglycerides, cholesterol, and LDL levels. Our results also show that
tissue damage to the heart and aortic vessels caused by diabetes can also be improved by the administration of
said combination. The present study demonstrates that resveratrol/pioglitazone combination therapy improves
carbohydrate and lipid metabolism, as well as improving diabetic cardiomyopathy in diabetic mice by producing a
synergistic pharmacological effect. The combination of resveratrol plus pioglitazone has therapeutic potential against
diabetic cardiomyopathy.
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Introduction
Patients suffering from Type 2 Diabetes Mellitus (DM) are more

prone to develop cardiovascular complications [1]. The cardiovascular
adaptations present in Type 2 DM (i.e. atherosclerosis, hypertension,
ischemic disease, stroke, etc.) are associated with diverse molecular
and cellular responses mainly derived from insulin resistance, an
excess of free fatty acids, hyperglycemia, inflammation, thrombosis,
and hypertension [2,3]. Cardiac insulin resistance is characterized by a
cellular and tissue reorganization leading to cardiomyopathy, cardiac
fibrosis and impaired molecular signaling, which in turn cause the
death of myocytes and endothelial cells [4]. The mechanisms involved
in the progression of such cardiovascular disease include mainly
chronic inflammation, cytokine imbalance, glucotoxicity and oxidative
stress [5,6].

Current pharmacological therapies for diabetic cardiomyopathy are
focused on regulating the glucose metabolism, oxidative damage,
calcium handling, carbohydrate utilization in cardiomyocytes, and the
preservation of the myocardium’s structure and function [7-13].
Pioglitazone is a glucose-lowering agent that protects against
cardiovascular disease associated with Type 2 DM. Pioglitazone
reduces the most important cardiovascular events in Type 2 DM

patients because it improves cardiac insulin resistance, carbohydrate
and lipid metabolism, and reduces inflammation [14,15].

Resveratrol appears to have a promising protective effect on
cardiovascular disorders related to Type 2 DM. During the past
decade, increasing evidence supports the beneficial effects of
resveratrol on several chronic diseases and its validity has been
challenged in several studies, including Type 2 DM [16]. Some of the
potential effects reported for resveratrol include an improvement of
lipid metabolism, glucose homeostasis and mitochondrial biogenesis,
reduced inflammation, an increase in antioxidant defences, a reduction
of Reactive Oxygen Species (ROS), and an improvement on
atherosclerosis [17-19]. Diabetic cardiomyopathy is globally on the
rise, given its frequently asymptomatic early stages; there is a need for
research on new therapeutic strategies that take advantage of the
important protective effects of both pioglitazone and resveratrol.

This study addressed the effects of resveratrol, alone or combined
with conventional pioglitazone, on cardiovascular complications
induced by diabetes using a db/db diabetic mice model.

Material and Methods

Animals
Male db/db diabetic mice (BKS.Cg-+ Leprdb/+Leprdb/OlaHsd) and

male lean mice (BKS.Cg-Lean/OlaHsd) were obtained at 8 weeks of
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age from Envigo SA de CV (Mexico, Mexico). All animals were kept in
a temperature and humidity-controlled location and were allowed to
have food and water ad libitum.

The protocol was approved by the Autonomous University of
Querétaro Committee and was conducted in accordance with the
international guides for experimental animal handling [20].

Pharmacological treatments
Diabetic animals were split into three groups, each one consisting of

5 animals. Non-diabetic lean mice were included as a control group
(n=5). The diabetic mice were randomly assigned to one of the
following groups: one group received 200 μL of water orally; a second
group received resveratrol monotherapy with a daily dose of 50 mg/Kg
body weight p.o. in 200 μL of water, and the third group received a
combined resveratrol/pioglitazone treatment with a daily dose of 50
mg/Kg and 20 mg/day p.o, respectively.

During treatment, all groups received a controlled food and water
ad libitum. All treatments were administered for 6 weeks. Pioglitazone
was purchased from Wan bury Limited (Maharashtra, India), and
resveratrol (resVida®) was provided by DSM Nutritional Products
(Mexico, Mexico). Both drugs were dissolved in sterile deionized water
prior to treating animals. Mice body weight was monitored throughout
the study. At the end of treatment, animals were sacrificed under light
anesthesia.

Blood and tissue samples (heart and aortic vessels) were collected
from each animal and kept at -4°C until further studies.

Biochemical analysis
All the biochemical parameters were quantified at the end of

treatment (6 weeks), blood samples were obtained from cardiac
puncture. Glucose, triglycerides, cholesterol, Haemoglobin A1c, and
insulin levels were quantified using colorimetric methods
(Triglycerides SL, Cholesterol PAP SL, Glucose PAP SL, ELITech,
Mexico, anti-Haemoglobin AIc antibody Abcam kit and rat/mouse
insulin ELISA kit from Millipore, USA) in serum in accordance with
manufacturer protocol.

Weekly monitoring of blood glucose levels was done after obtaining
the blood samples through the vein of the tail.

Histopathological analysis
Tissue fragments of heart and aortic vessels were fixed in 10%

formaldehyde solution, dissolved in phosphate-saline buffer (pH 7.4),
dehydrated in alcohol and embedded in paraffin. Four-micrometer
paraffin tissue heart sections were stained with hematoxylin and eosin
(H and E) and Masson Trichrome staining, and then subjected to
histopathological examination. Aortic vessels were stained with H and
E stain. Rabbit anti mice VCAM 1 polyclonal antibody (1:300, bs
0920R; Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China)
was used to incubate the heart sections at 4°C overnight.

Horseradish peroxidase labeled goat anti-rabbit immunoglobulin G
was used for incubation for 30 min at room temperature. Peroxidase
diaminobenzidine reaction and Masson staining were subsequently
performed. The sections were sealed with resin and examined under a
microscope.

For the quantification of fibrosis and VCAM-1 twenty high power
fields were randomly selected from each slice and photographed at 40X

magnification and then analyzed employing the Image-Pro Insight 9
software (Media Cybernetics Inc.). Results were expressed as percent of
control. Macroscopic observations of the heart and the aorta were also
done.

Statistical analysis
All statistical analyses were analyzed using SPSS 10.0 software (SPSS

Inc., Chicago, Ill, USA). For blood glucose measurements was used two
ways repeated measurements ANOVA. Statistical significance for the
biochemical analyses, fibrosis and VCAM-1 determination was
calculated using ANOVA, as well as Turkey’s test for multiple
comparatives.

Results are expressed as mean ± SEM. Differences were considered
significant if the p-value was less than 0.05 (p<0.05).

Results

Glucose metabolism

Figure 1: Variations in blood glucose levels in male db/db diabetic
mice over 6 weeks. Each bar represents the mean ± SEM. All groups
consisted of five animals. a means different from lean mice
(p<0.05); b means different from diabetic mice (p<0.05), and c
means different from diabetic mice treated with resveratrol
(p<0.05).

Figure 1 shows the blood glucose levels observed in animals during
the time they received the treatments. Lean mice kept blood glucose
levels between 93 to 112 mg/dL during 6 weeks, while diabetic mice
started with levels near to 400 mg/dL and these increased over the next
weeks (p<0.05); at the end, their levels were around 550 mg/dL
(p<0.05).

Diabetic mice treated with Resveratrol (50 mg/Kg) alone had blood
glucose levels of 342 mg/dL during the first week, but these were
slightly reduced until they attained levels of 280 mg/dL on the sixth
week of treatment (p<0.05). Diabetic mice treated with Resveratrol and
Pioglitazone showed a significant reduction in blood glucose levels
since the first week (198 mg/dL), and their levels decreased
significantly, reaching levels similar to those of lean mice at 6 weeks of
treatment (98.2 mg/dL, p<0.05).
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Observed blood glucose levels at the end of 6 weeks correlated with
a reduction in levels of hemoglobin A1C and insulin, as well as with a
significant reduction in glycosuria (Table 1). Haemoglobin A1c levels
doubled in diabetic mice when compared with lean mice (p<0.05).
Resveratrol treatment alone did not show significant changes when
compared with diabetic mice. However, diabetic mice treated with
Resveratrol and Pioglitazone showed a significant reduction in
Haemoglobin A1c level (p<0.05). Insulin levels showed a significant
increase in diabetic mice as well as those treated with Resveratrol
alone.

However, animals treated with Resveratrol and Pioglitazone showed
an important reduction in insulin levels (p<0.05). Glycosuria also
showed a significant increase in diabetic mice; however, diabetic mice
treated with Resveratrol alone and those treated with the Pioglitazone
combination showed values quite similar to those of lean mice
(p<0.05).

It is important to mention that animals in each group consumed the
same amount of food (data not shown) and there were no differences
between diabetic mice and those animals treated with resveratrol alone
and combined with pioglitazone (Table 1).

 Lean Diabetic Diabetic Resveratrol Diabetic Resveratrol+Pioglitazone

Glucose (mg/dL) 93.33 ± 7.7 541.6 ± 92 a 280.7 ± 29 ab 98.2 ± 20.8 bc

Hemoglobin A1c (%) 2.2 ± 0.3 4.6 ± 0.4 a 4.3 ± 0.4 a 3.2 ± 0.1 abc

Insulin (ng/mL) 1.09 ± 0.2 12.9 ± 2.5 a 9.6 ± 2.2 a 3.6 ± 0.6 a

Glycosuria (mg/dL) 160.3 ± 30 809.4 ± 96 a 151.7 ± 59 ab 100 ± 17 ab

Weight gain (g) 4 ± 0.3 7.13 ±2.73 a 9.28 ± 1.48 a 10.25 ± 2.58 a

(a) p< 0.05 as compared with lean group

b) p< 0.05 as compared with diabetic group

c) <0.05 as compared with resveratrol group

Table 1: Alterations in glucose metabolism and weight gain after 6 weeks of treatment.

Lipid profile

Figure 2: Profile of blood lipids in male db/db diabetic mice. Each
bar represents the mean ± SEM. Animals were treated for 6 weeks.
All groups consisted of five animals; a means different from lean
mice (p<0.05); b means different from diabetic mice (p<0.05), and c
means different from diabetic mice treated with resveratrol
(p<0.05).

Figure 2 shows the lipid profile observed in all treated groups. As we
can see, only diabetic mice treated with Resveratrol and Pioglitazone in
combination showed a significant reduction in triglycerides,
cholesterol and LDL levels (p<0.05) when compared with diabetic
mice. Resveratrol alone was not able to significantly modify the lipid
profile. Figure 3 shows the macroscopic characteristics of

cardiovascular tissue observed in animals affected by the different
treatments. Diabetic mice showed abundant adipose tissue
surrounding the heart and thoracic aorta.

Animals treated exclusively with resveratrol had abundant adipose
tissue in the thoracic aorta, but not the heart. However, diabetic mice
treated with resveratrol and pioglitazone a reduction of adipose tissue
in cardiovascular tissue was observed

Figure 3: Macroscopic characteristics of cardiovascular tissue in
male db/db diabetic mice after six weeks of treatment. The red
arrow indicates the presence of fat surrounding the thoracic aortas.
The yellow arrow indicates the presence of fat surrounding the
myocardium.
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Histopathological results
In order to measure the degree of damage in the myocardial tissue

of diabetic mice, we employed Masson’s trichrome stain to visualize the
presence of fibrosis and cardiac remodeling (Figure 4).

Cardiac tissue from diabetic mice showed the presence of abundant
connective tissue (fibrosis) surrounding the ventricular space and
between myocardiocytes (18-fold, as compared with the lean group,
p<0.05).

We also observed degenerative changes in myocardial cells.
However, diabetic mice treated with Resveratrol combined with
Pioglitazone showed a significant reduction of fibrotic tissue (p<0.05)
and the morphological aspect of their tissue was quite similar to that of
lean mice.

Figure 4: Histological examinations of cardiac tissue sections from
male db/db diabetic mice. Cardiac tissues were examined using
Masson’s trichrome staining: fibrosis can be recognized by blue
staining into the myocardium (40X). Each bar represents the mean
± SEM. All groups consisted of five animals. A means different from
lean mice (p<0.05); b means different from diabetic mice (p<0.05),
and c means different from diabetic mice treated with resveratrol
(p<0.05).

We quantified and analyzed VCAM-1 as a marker molecule of the
chronic vascular inflammatory process, key in the development of
atherosclerotic disease.

Figure 5 shows the expression of VCAM-1 in myocardial tissue
from diabetic mice that received treatment. There was an important
increase in the expression of VCAM-1 in diabetic mice (12-fold)
(p<0.05).

The distribution of VCAM-1 mainly surrounded the ventricles,
vessels, and myocardial areas. However, diabetic mice treated with

Resveratrol combined with Pioglitazone showed a significant reduction
in VCAM-1 expression when compared with diabetic mice (p<0.05).
Expression was limited to vascular endothelium, as was the case in lean
mice.

Figure 5: Representative photomicrographs and semi-quantitative
analysis of VCAM-1 expressions in cardiac sections from male
db/db diabetic mice. Immunopositive areas can be recognized by
brown staining. Each bar represents the mean ± SEM. All groups
consisted of five animals. a means different from lean mice
(p<0.05); b means different from diabetic mice (p<0.05), and c
means different from diabetic mice treated with resveratrol
(p<0.05).

Figure 6 shows the characteristics of the thoracic aorta and cardiac
arteries. Thoracic aorta from diabetic mice showed the presence of
atherosclerotic plaques.

The presence of perivascular adipose tissue was evident in the wall,
as was fat infiltration in the tunica media and a thickening of the wall
of the aorta. Cardiac arteries showed a thickening of the vascular wall,
perivascular fibrosis, and the presence of atherosclerotic plaques in the
vessels’ Lumina.

Animals treated with Resveratrol combined with Pioglitazone
showed aortas, cardiac arteries and myocardial tissue with
morphological characteristics similar to those of lean mice.

Black arrows indicate adipose tissue and fat deposits; black bars
indicate the thickness of the vascular wall; asterisks indicate atheroma.
Cardiac tissue sections were examined using Masson’s trichrome
staining: fibrosis can be recognized by blue staining. The thickness of
the vascular wall is different depending on the treatment (40X).
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Figure 6: Representative photomicrographs of aortas and cardiac
artery sections from male db/db diabetic mice. Aortas were stained
with H and E stain (20X). Black arrows indicate adipose tissue and
fat deposits; black bars indicate the thickness of the vascular wall;
asterisks indicate atheroma. Cardiac tissue sections were examined
using Masson’s trichrome staining: fibrosis can be recognized by
blue staining. The thickness of the vascular wall is different
depending on the treatment (40X).

Discussion
We researched the effect Resveratrol alone and in combination with

Pioglitazone had on the cardiovascular complications of db/db diabetic
mice. Treatments were administered for 6 weeks, and at the end of the
study, we evaluated different biochemical clinical parameters. We
employed histopathological studies to evaluate the effects on cardiac
tissue and thoracic aortas.

Nowadays, cardiomyopathy frequently accompanies Type 2 DM and
is responsible for about million deaths each year among DM Type 2
sufferers [21]. The main alterations in cardiomyopathy include
hypertrophy and degeneration of cardiomyocytes, augmented cell
adhesiveness, decreased fibrinolysis, and alterations in permeability
[22]. Hyperglycaemia and insulin resistance are the most important
risk factors that cause morphological and functional damage to
cardiovascular tissue [23].

Resveratrol is a flavonoid that has been shown to have numerous
beneficial actions in Type 2 DM [19]. Recently, several studies have
pointed out resveratrol can reduce obesity, hypertriglyceridemia, the
atherosclerotic state and cardiovascular dysfunction [24]. The
mechanism of action generally improves Type 2 DM symptoms and its
cardiovascular complications, mainly via its anti-inflammatory and
antioxidant effects [25].

Our research shows that diabetic mice treated with resveratrol alone
did not display a modified lipid profile but had improved glucose levels
and glycosuria. However, an important change in glucose metabolism
and lipid profile was observed when diabetic mice were treated with
resveratrol and pioglitazone. Multiple studies have shown the anti-
diabetic effects of resveratrol, which is associated with an improvement
of insulin resistance and secretion, a reduction of HbA1 and even an

improvement in HDL levels [26]. On the other hand, it has also been
demonstrated that pioglitazone is able to reduce insulin resistance in
several sites by binding to the peroxisome Proliferator-Activated
Receptor (PPAR)-γ [27]. Additionally, pioglitazone improves plasma
lipid levels [28]. The improvement of glucose and lipid metabolism in
diabetic mice treated with the combined therapy suggests a synergistic
effect, and this is because each drug has a different mechanism of
action.

Diabetic cardiomyopathy is characterized by the progression of
cardiac dysfunction, death cell and tissue remodeling due to the
replacement of the myocardium by non-functional fibrotic tissue [23].
It has also been observed that cardiomyoblasts exposed to high
concentrations of glucose increase TGF-β activity and promote
collagen synthesis [29]. Our results showed that diabetic mice treated
with resveratrol alone, as well as those treated with resveratrol and
pioglitazone, displayed a significant reduction in cardiac fibrosis. It has
been pointed out that resveratrol can influence molecular pathways
associated with processes involved with cell survival, inhibition of
apoptosis, carbohydrate metabolism, and regulation of protein
synthesis. It is also able to phosphorylate and activate endothelial nitric
oxide synthase, which is important in heart regulation and restoration
[30]. Resveratrol has a potential anti-atherosclerotic effect, inhibiting
proliferation of fibroblasts and cell apoptosis [31]. Recently, it has been
found that resveratrol can modify not only those molecular pathways
but also epigenetic machinery. Resveratrol treatment induces the
activation of SIRT3 and inhibits the TGF-β/Smad3 pathway in mouse
hearts. Specifically, it has been observed to inhibit fibroblast to
myoblast conversion and enhance cardiac function while reducing
fibrosis in the myocardium [32]. There are no reports about the
antifibrotic effect of pioglitazone in the heart. However, it has been
found that PPAR-γ agonists are able to modify processes as fibrosis
and inflammation in the liver and kidney, possibly by inhibiting TGF-
β1 and increasing the expression of morphogenic proteins as potential
anti-fibrotic agents [33]. Pioglitazone might have the same effects in
the heart and a combined effect with resveratrol can help improve
upon cardiac fibrosis.

The Vascular Cell Adhesion Molecule-1 (VCAM-1) is necessary for
the anchorage of monocytes and lymphocytes and is highly expressed
in the inflamed vascular endothelium [34]. VCAM-1 has a dominant
role in the initiation of the atherosclerotic process and can serve as an
indicator of endothelial activation, a molecule marker of chronic
vascular inflammatory processes, and a prognostic factor of
cardiovascular disease. Our current research evidence that resveratrol,
whether alone or combined with pioglitazone, considerably decreased
the expression of VCAM-1 in the blood vessels and myocardium of
diabetic mice. It has been previously reported that resveratrol
attenuates vascular endothelial inflammation by activating autophagy
[35]. Besides that, several preclinical research studies have revealed
that resveratrol has anti-inflammatory effects and reduces
inflammatory markers such as aortic macrophage infiltration, ICAM-1
and NFK-β expression in atherosclerosis models [36,37]. Pioglitazone
was shown to exert a dose-dependent positive action on endothelial
cell death inhibition and ameliorate atherosclerosis progression in both
carotid and coronary circulation, as well as reduce cardiovascular
events [38]. Those effects can explain the improvement in the structure
of the thoracic aortas and cardiac vessels observed in diabetic mice
treated both with resveratrol alone and in combination with
pioglitazone.
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Conclusion
The current study demonstrated that a combined therapy of

resveratrol/pioglitazone improves concentrations of circulating lipids
and glucose, as well as ameliorating diabetic cardiomyopathy in
diabetic mice by producing an additive pharmacological effect. Present
data suggest that the resveratrol/pioglitazone combination optimizes
the secretion and use of insulin in the body. Lower circulating insulin,
along with lower blood levels of both HbA1c and glucose, might jointly
reduce cardiac insulin resistance and therefore lead to a reduced
cardiovascular risk. The combined use of resveratrol and pioglitazone
has therapeutic potential against diabetic cardiomyopathy.
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