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Abstract The present study was to determine the pre-

ventive effect of resveratrol (Res) on diabetes-induced

cardiac dysfunction and the possible signaling pathway

involved. Diabetes was induced in rats by injection of

streptozotocin (STZ) at 45 mg/kg. The animals were ran-

domly divided into three groups (10 rats/group): normal

group, diabetes groups with or without Res (80 mg/kg)

treatment. Biochemistry, cardiac function and fibrosis were

detected. Moreover, pro-inflammatory cytokines were

evaluated, and heart tissues were homogenized for western

blot analysis to analyze the possible mechanisms. The re-

sults indicated that Res might regulate glucose and lipid

metabolism, ameliorate cardiac function and fibrosis re-

sponse in STZ-induced diabetic rats. The protective effects

were consistent with the inhibition of inflammatory factors

such as TNF-a, IL-6 and IL-1b. In addition, Res favorably

shifted STZ-induced AT1R, ERK1/2 and p38 MAPK ac-

tivation in rat heart. In conclusion, the results suggested

that Res attenuated diabetes-induced cardiac dysfunction,

and the effects were associated with attenuation inflam-

matory response and down-regulation of AT1R-ERK/p38

MAPK signaling pathway.

Keywords Resveratrol � Diabetes-induced cardiac

dysfunction � Glucose and lipid metabolism � Inflammation

response � AT1R-ERK/p38 MAPK

Introduction

Diabetes mellitus is one of the major health problems in the

world. It is estimated that the number of diabetic mellitus

patients will be up to 300 million by the year 2025 [1].

Importantly, diabetic mellitus patients have a threefold to

fivefold increased incidence of developing heart failure,

which remains a fatal disease for high morbidity and

mortality [2]. Diabetic cardiomyopathy is defined as the

ventricular dysfunction that occurs in diabetic mellitus

patients independent of another cause, such as hyperten-

sion, coronary artery disease or cardiac fibrosis [3].

Although many researches are focusing on these diseases,

the exact underlying mechanism of diabetic cardiomy-

opathy is still very uncertain because its pathophysiology is

believed to be multifactorial. Further study for this issue

and development of effective agents against this condition

are urgently needed.

Mitogen-activated protein kinases (MAPKs) cascades

have been reported to be involved in the pathogenesis of

cardiac hypertrophy in STZ-induced diabetic condition [4].

Extracellular signal-regulated kinases (ERK1/2) and p38

MAPK, two major members of MAPKs, have been proven

to play a dual role, such as increased blood glucose uptake

and development of cardiac hypertrophy under high glu-

cose condition. On the other hand, previous study has

indicated that renin–angiotensin–aldosterone system

(RAAS) has differential signaling effect on ERK1/2/p38

MAPK. Particularly, angiotensin type 1 receptor (AT1R), a

crucial compound of RAAS, was found to stimulate ERK
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1/2 as well as p38 MAPK in the diabetic state [5]. More-

over, a recent study has revealed that the modulation of

AT1R-ERK/p38 MAPK cascade plays an important role in

the attenuation of diabetic nephropathy in hyperglycemic

condition.

Resveratrol (3,5,40-trihydroxystilbene, Res, Fig. 1), an
atoxic phytoestrogen, has been found in more than 50

plants including berries and grapevine. A promise physio-

logical function of Res is antioxidant, anti-inflammatory

and antitumor activities for some therapeutical indications

[6]. Epidemiological studies also suggest that Res is asso-

ciated with improving glucose control [7] and reducing risk

of cardiovascular diseases [8]. Moreover, a large body of

evidence has challenged the protective effects of Res

against ANG II-induced growth and proliferation of cardiac

fibroblasts (CFs) by suppressing the ERK1/2 and p38

MAPK phosphorylation [9]. Although the apparent rela-

tionship between Res and reduced risk of diabetes mellitus

and cardiovascular diseases has been established, the lit-

erature on the effects of Res on accelerated macroan-

giopathy in diabetes mellitus and its mechanisms is poorly

understood. Moreover, relationships between the protective

effect of Res on diabetic cardiomyopathy and the possible

signaling pathway have not been reported previously. In

the present study, we investigated the effects of Res on

improving diabetes-induced cardiac dysfunction in rat.

Furthermore, we examined the effect of Res on AT1R,

ERK, p38 MAPK expressions and inflammatory factors to

clarify the possible mechanisms of its cardioprotection.

Materials and Methods

Animals and Induction of Diabetes

Eight-week-old male Sprague–Dawley (SD) rats, weighing

225 ± 25 g, were purchased from the Experimental Ani-

mal Center of Shandong Luye Pharmaceutical Co. Ltd.

(China). Rats were maintained on 12-h light/dark cycle at

21–26 �C, fed with a commercial standard rat cube diet and

given access to tap water ad libitum. Animals were ren-

dered diabetes by a single tail intravenous injection of

streptozotocin (STZ, 45 mg/kg, Sigma) for the study

diabetic cardiomyopathy [10]. Only animals with blood

glucose levels C300 mg/dl 3 days after STZ injection were

used in the present study. Age-matched non-diabetic SD

rats were injected with sodium citrate buffer (it was used as

the solvent of STZ) and used as controls. The animals were

randomized into three groups (10 rats/group): normal

group, diabetes groups without or with Res (80 mg/kg, i.g.)

treatment. Res were dissolved in 0.5 % carboxymethyl

cellulose sodium (CMC-Na), and normal group animals

were orally given the same volume of CMC-Na. Rats were

killed at 12 weeks after STZ injection.

Cardiac Function Assessment

At the end of the experiment, rats were anesthetized and

cardiac function was determined by invasive hemodynamic

evaluation methods as our previous study [11]. The pa-

rameters include left ventricular systolic pressure (LVSP),

maximum rate of fall of left ventricle pressure (-dP/dtmax),

maximum rate of rise of left ventricle pressure (?dP/dtmax)

and left ventricular end-diastolic pressure (LVEDP).

Moreover, the heart weight and the heart weight to body

weight (WHW/BW) were detected at the end of the

experiment.

Biochemistry and Inflammation Factors Assays

Blood for clinical chemistry was placed in tubes devoid of

anticoagulant, allowed to clot at room temperature and

centrifuged (3000 rpm for 15 min), and then, serum was

separated. Glucose (GLU), total cholesterol (T.Cho),

triglyceride (TG), high-density lipoprotein cholesterol

(HDL-C) and low-density lipoprotein cholesterol (LDL-C)

were detected. In addition, the levels of the inflammatory

cytokines TNF-a, IL-6 and IL-1b were measured using

ELISA kits according to manufacture’s instructions.

Western Blot Analysis

Proteins were separated by sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis (SDS-PAGE), transferred to

a nitrocellulose membrane and incubated with antibodies to

b-actin, ATIR, P38, p-P38, ERK1/2, p-ERK1/2, JNK and

p-JNK at 4 �C overnight. Proteins were detected with

horseradish peroxidase (HRP)-conjugated secondary anti-

body and were visualized by ECL method.

Masson’s Trichrome Staining

To determine the effect of Res on diabetes-induced cardiac

fibrosis, the histological staining of heart was stained by

Masson’s trichrome staining after embedded in paraffin and

sectioned (4 lm thick). Briefly, the sections were de-

paraffinized in Histoclear and then rehydrated usingFig. 1 Chemical structure of Res
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sequential passage through 70–100 % ethanol for 6 min

each. The slides were stained with Masson’s trichrome

stain for 5 min. The sections were washed in distilled

water, stained with phosphomolybdic for 5 min and dif-

ferentiated for 1 min. After a final distilled water wash, the

sections then were dehydrated through alcohol (95 and

100 %, respectively) followed by dehydration and mount-

ing. Interstitial collagen was digitally imaged with a mi-

croscope (OLYMPUS DP25). Moreover, fibrosis, for each

animal, was determined by five different locations within

the left ventricle and was reported as a percent of total

tissue area.

Statistical Analysis

Data were reported as mean ± SD. The differences be-

tween groups were performed using one-way ANOVA, and

p\ 0.05 was considered statistically significant.

Results

Res Improved Glucose and Lipid Metabolism

in STZ-Induced Diabetic Rats

No mortality related to test substance administration was

observed in rats during the experiment. At necropsy, nei-

ther absolute organ weight (including heart, liver, lung,

sleep and kidney), nor relative organ weight, changed due

to Res treatment. On histopathological examination, no

significant lesions were observed in Res administration

group (data not shown). However, the levels of GLU,

T.Cho, TG and LDL-C in model rats were considerably

higher when compared with control, suggesting that STZ

caused glucose and lipid metabolism disorders in rats.

Moreover, these were associated with the decrease of

HDL-C level in these animals. Res treatment significantly

improved GLU level and markedly reduced the associated

lipid metabolism (such as T.Cho, TG and LDL-C), but

seemed to have no effect on HDL-C level (Table 1).

Res Inhibited TNF-a, IL-6, IL-1b Releases

TNF-a, IL-6 and IL-1b aremulti-functional pro-inflammatory

factors and generally recognized as markers of vascular in-

flammation. After 11 weeks, STZ-induced diabetic animals

exhibited increased circulating TNF-a, IL-6 and IL-1b con-

centrations (TNF-a, 49.7 ± 12.7 vs. 15.8 ± 2.6 ng/ml; IL-

6, 321.5 ± 12.7 vs. 88.9 ± 15.8 pg/ml; IL-1b, 80.2 ± 9.00

vs. 32.9 ± 4.6 pg/ml, p\ 0.01). However, Res treatment led

to a significant decrease in these factor levels (Fig. 2). These

results suggested a major role for Res in reducing circulating

levels of pro-inflammatory cytokines.

Table 1 Res regulates glucose and lipid metabolism in STZ-induced

diabetic rats

Group Control Model Res

GLU (mg/dl) 105.8 ± 11.7 414.9 ± 29.2## 305.6 ± 22.0**

T.Cho (mg/dl) 61.5 ± 8.3 106.4 ± 13.8## 79.9 ± 11.1**

TG (mg/dl) 18.5 ± 5.4 44.1 ± 7.7## 31.3 ± 5.9*

HDL-C (mg/dl) 33.7 ± 4.3 23.0 ± 4.4## 24.4 ± 5.1##

LDL-C (mg/dl) 40.2 ± 6.2 89.6 ± 9.6## 58.9 ± 10.5*

Data were reported as mean ± SD. The differences between groups

were performed using one-way ANOVA. ## p\ 0.01 versus control

group; * p\ 0.05; ** p\ 0.01 versus model group
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Fig. 2 TNF-a, IL-1 and IL-6 levels were measured using ELISA kits

according to manufacture’s instructions. Res inhibited diabetes-

induced inflammatory cytokines releases. Data were reported as

mean ± SD. The differences between groups were performed using

one-way ANOVA. ##p\ 0.01 versus control group; *p\ 0.05;

**p\ 0.01 versus model group
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Res Ameliorated Diabetes-Induced Cardiac

Dysfunction

To assess cardiac function, a pressure-detecting catheter was

positioned into the carotid artery and the left ventricle. As

shown in Fig. 3, STZ-induced diabetic animals exhibited a

decreased body weight (298.0 ± 19.8 vs. 488.1 ± 38.4 g,

p\ 0.01) along with an increased WHW/BW (4.12 ± 0.21

vs. 3.05 ± 0.16, p\ 0.01). Moreover, STZ-treated groups

also exhibited markedly impaired systolic function as indi-

cated by the decrease of LVSP and ?dp/dtmax, obviously

deteriorated diastolic function as shown by an increase of

LVEDP and a decrease of -dp/dtmax. In contrast, Res

treatment significantly reversed WHW/BW and hemody-

namic values to the near normal levels. Moreover, there was

no statistical difference in animal body weight between Res

treatment group and model group (Fig. 3).

Res Attenuated Diabetes-Induced Cardiac Fibrosis

Masson’s trichrome staining was used to examine whether

Res affected diabetes-induced myocardial fibrosis. As

shown in Fig. 4, diabetes-induced cardiac fibrosis (as

determined by blue staining) was obvious in the STZ-

treated rats when compared to control animals, indicating

the presence of cardiomyopathy in diabetic rats. However,

Res markedly ameliorated this fibrosis development. These

results indicated that Res had the potential to attenuate

diabetes-induced myocardial interstitial fibrosis.

Res Decreased AT1R, ERK1/2 and p38 MAPK

Phosphorylation

To clarify the signaling pathway of Res on diabetes-in-

duced cardiac dysfunction, we used western blot to analyze

the phosphorylation of AT1R, ERK1/2, JNK and p38

MAPK in myocardial tissues of rats. Figure 5 shows that

the phosphorylation of these proteins was considerably

increased in model rats, in comparison with the normal

animals. However, most of these changes were obviously

blocked by treatment with Res (Fig. 5). Meanwhile, Res

did not change the phosphorylation of JNK induced by

diabetes (data not shown), suggesting that the beneficial

effects of Res were mediated at least partly by AT1R-ERK/

p38 MAPK signaling pathway.
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Fig. 3 Measurement of body

weight, WHW/BW and cardiac

dysfunction. Cardiac function

assessment was calculated

through carotid artery

cannulation. Data were reported

as mean ± SD. The differences

between groups were performed

using one-way ANOVA.
##p\ 0.01 versus control group;

*p\ 0.05; **p\ 0.01 versus

model group
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Discussion

The sharply increasing incidence of diabetes mellitus has

been represented an important burden for the society and

for patients as well due to macro- and microvascular

complications (such as diabetic cardiomyopathy and

diabetic nephropathy). Factors underlying this complica-

tion risk include poor glycemic control, dyslipidemia, en-

dothelial dysfunction and inflammation response.

However, up to now, the mechanisms linking diabetes

mellitus to these factors are not well understood. Res is a

natural polyphenolic compound which is the chemopre-

ventive agent of heart and cerebrovascular diseases. Res,

fortunately, also has been proved to be closely linked these

factors. For example, Novaes et al. have indicated that Res

causes antihyperglycemic [12], antiatherogenic [13] and

antihypercholesterolemic [14] effects. Meanwhile, the

possible mechanisms are still poorly understand.

It is well known that hyperglycemia and blood lipid dis-

order have been proposed as major drivers of diabetic car-

diomyopathy [15]. Consistent with previous studies, our data

showed in Table 1 that GLU level and blood biochemical

parameters, including T.Cho, TG, HDL-C and LDL-C, ag-

gravated along with weight gain decrease after the rats were

treated with TZD. This also showed the animal model was

well established in the present study. However, Res sig-

nificantly decreased GLU level, improved T.Cho, TG and

LDL-C contents. Similarly, previous clinical and preclinical

studies have suggested that treatment with Res can poten-

tially delay or attenuate GLU level [12, 16]. These results

indicated that the protective effects of Res might be due, in

large part, to the regulation of glycosphingolipidmetabolism

disorder. Unfortunately, Res did not significantly influence

HDL-C content and body weight. Diabetic cardiomyopathy,

damage to the heart muscle, leads to impaired filling and

relaxation of the heart diastolic dysfunction and eventually

heart failure. Heart weight, LVSP, LVEDP and ± dp/dt max,

as cardiac performance parameters, have beenwidely used in

animalmodels and human clinical trials. In the current study,

our results indicated that STZ injection successfully induced

diabetes and cardiac dysfunction as indicated by the decrease

of LVSP and±dp/dtmax, the increase of LVEDP andWHW/

BW, and myocardial fibrosis. Interestingly, all of these dia-

betes-induced cardiac dysfunctions were improved after

administration of Res treatment. As expected, we have also

found that the acceleration of cardiac fibrosis, as indicated by

Masson’s trichrome staining, was ameliorated by Res

treatment.

Fig. 4 Res attenuated diabetes-induced cardiac fibrosis (9200 mag-

nification). Representative images of Masson’s trichrome staining are

shown. (a) Control group, (b) model group and (c) Res group. Data
were reported as mean ± SD (d). The differences between groups

were performed using one-way ANOVA. ##p\ 0.01 versus control

group; *p\ 0.05; **p\ 0.01 versus model group
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Inflammatory mediators, as well as glycosphingolipid

metabolism disorder, also occur in the myocardium of

diabetic patients. The abnormal inflammation response and

blood biochemistry result in functional problems such as

diastolic and systolic dysfunctions, which may cause

symptoms of cardiac failure and myocardial fibrosis [17].

On the other hand, a depression of cardiac contractile

function, such as diabetic cardiomyopathy, induces pro-

inflammatory cytokine release, such as TNF-a, IL-6 and

IL-1b [18]. Therefore, more and more researchers regard

anti-inflammatory therapy as a promising strategy against

these diseases. Recently, Das et al. have reported that the

cardioprotection of Res is likely attributable, at least in

part, to its anti-inflammatory properties [19]. In the current

study, our data also indicated that Res not only ameliorated

STZ-induced cardiac dysfunctions and myocardial fibrosis,

but also attenuated inflammatory mediator releases (TNF-

a, IL-6 and IL-1b), suggesting great promise for the pre-

vention of vascular complications.

Though the exact mechanism is still unknown, extensive

studies for last several decades have shown that RAAS

plays a vital role in the process of diabetic cardiomyopathy

[20, 21]. The RAAS has also been implicated in cardiac

hypertrophy and atherosclerosis, in which it is considered

to induce cardiovascular system remodeling via ACE-Ang

II-AT1R axis [22]. AMPKs, an important conserved fuel-

sensing enzyme group, are present in almost all mam-

malian cells. MAPKs include three major subfamilies, such

as c-Jun-N-terminal kinase (JNK), ERK1/2 and p38 MAPK

[23]. These major members are found in cardiac tissue, and

they are most strongly activated by hyperglycemia and

inflammatory cytokines [24]. Particularly, there is over-

whelming evidence that AT1R-ERK/p38 MAPK signaling

pathway plays a crucial role in the development of accel-

erated diabetes-induced cardiac dysfunction in diabetic

cardiomyopathy [25].

RAAS and MAPK also influence cardiac functions in

many diseases. Some scholars suggested that RAAS causes

and accelerates the development and progression of

diabetic-induced restenosis after arterial and venous re-

constructions to some extent, and thus regarded RAAS as

signal transducers of diabetic cardiomyopathy induced by

high glucose levels [26]. Li et al. [27] have found that the

activation of the MAPK signaling pathways is involved in

a series of changes associated with diabetic cardiomyopa-
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bFig. 5 Phosphorylation of AT1R, ERK1/2, JNK and p38 MAPK in

myocardial tissues of rats was analyzed by western blot. Represen-

tative western blot images are shown, and data were reported as

mean ± SD. The differences between groups were performed using

one-way ANOVA. ##p\ 0.01 versus control group; *p\ 0.01 versus

model group
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thy such as cardiac dysfunction and fibrosis and is con-

sidered to be the primary cause of these diseases. Our re-

sults were in agreement with these reports, demonstrating

enhanced activation of AT1R, JNK, ERK1/2 and p38

MAPK in diabetes-induced cardiac dysfunction. However,

treatment with Res significantly suppressed the activation

of ERK1/2 and p38 MAPK, but not influenced the JNK

activity, suggesting clearly the involvement of ERK1/2 and

p38 MAPK proteins in Res conditioning. Meanwhile, Res

also blocked the AT1R expression under this condition.

These findings suggested that Res possibly ameliorated

diabetes-induced cardiac dysfunction through AT1R-ERK/

p38 MAPK signaling pathway. Of note, a large body of

evidence also suggested that Res could suppress AT1R

expression and P38 MAPK signaling pathway [28, 29].

These previous studies strongly supported our opinion.

Further research is required to elucidate the mechanisms of

Res on AT1R-ERK/p38 MAPK. Recent study indicated

that the beneficial effects of SIRT1 activator Res on RAAS

involved cardiac remodeling are mediated by blood pres-

sure-dependent pathways [30]. Moreover, Res could im-

prove cardiac function by inhibiting the TGF-b/Smad3, an

important activating pathway of p38 MAPK [31]. Taken

together, the cardioprotection of Res may be involved in

many signaling pathways, and more studies are needed to

clarify it.

In summary, the results of the present study showed that

chronic oral Res might protect against diabetes-induced

cardiac dysfunction. Moreover, the results for the first time

indicated that the beneficial effects of Res were directly

and/or indirectly due to its hypoglycemic, hypolipidemic

effects and inhibition of inflammation response associated

with AT1R-ERK/p38 MAPK signaling pathway.
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