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ABSTRACT 

Obesity is usually accompanied by chronic inflammatory state which implicated in 

development of insulin resistance and type 2 diabetes mellitus (T2DM). The current study 

examined the effect of resveratrol (RES), pioglitazone (PIO) and their combination on 

metabolic abnormalities and inflammatory as well as oxidative stress status in type 2 

diabetic rats. The disease model was induced using high fat diet feeding for 16 weeks; 

drug and vehicle administration started at the last 4 weeks. The following parameters 

were measured to fulfil the aim of the study, body composition index, fasting serum 

glucose, oral glucose tolerance test, fasting serum insulin, serum lipid peroxidation 

product such as malondialdehyde (MDA), lipid profile and finally serum TNF-α. 

According to the obtained results, administration of each drug alone achieved a good 

response with regard to all measured parameters. Interestingly, the combined 

administration of RES and PIO had better response than each drug alone. In conclusion, 

the current study stated that RES and PIO combination can be considered as potential 

effective treatment for high fat diet (HFD)-induced T2DM. This conclusion is supported by 

the synergistic effect exerted by the two drugs to enhance insulin sensitivity, improve lipid 

profile, counteract oxidative stress and inflammatory status, and decrease central obesity. 
Keywords: Resveratrol, Pioglitazone, Type 2 diabetes mellitus, TNF-α, Insulin resistance, 

Malondialdehyde. 
INTRODUCTION 

The prevalence of diabetes mellitus 

is continuously increasing worldwide due 

to aging, sedentary life styles, and the 

increase incidence of obesity due to 

physical inactivity. Diabetes mellitus 

characterized by chronic state of 

hyperglycemia and disordered 

carbohydrate, lipid and protein 

metabolism due to defects in insulin 

secretion/action [1]. Type-I and type-II 

diabetes constituted the two distinctive 

clinical forms of diabetes. Type-I is an 

autoimmune disease that arises when the 

immune system attacks the insulin 

producing beta cells, the Islets of 

Langerhans, in the pancreas and it is 

almost identified in children and young 

adults. While, type 2 diabetes mellitus 

(T2DM) is the more common form of 

diabetes and its occurrence is usually 

associated with reducing insulin 

sensitivity or insulin resistance and 

several factors such as obesity, stress, diet 

and lack of physical activity. HFD 

consumption causes extensive lipid 

accumulation in muscles and liver leading 

to activation of inflammatory cytokines 

and insulin resistance [2], which leads to 

inhibited glucose uptake, stimulated 

lipogenesis, increased free fatty acids and 

exaggerated oxidative stress [3]. By 2030, 

about 600 million people will be 

diagnosed as type 2 diabetic patients [4, 

5]. 

Uncontrolled hyperglycemia leads 

to a variety of complications including 

peripheral vascular diseases, nephropathy, 
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neuropathy, retinopathy, morbidity, 

and/or mortality [6]. It is noteworthy that, 

diabetic microvascular complication is a 

leading cause of blindness, renal failure, 

and nerve damage [7]. Therefore, 

treatment of diabetes have to be very 

effective to avoid the complications and 

to increase life expectancy of diabetic 

patient. Despite there is a wide variety of 

antidiabetic drugs, such as biguanides, α-

glucosidase inhibitors, thiazolidinediones, 

dipeptyl peptidase-4 inhibitors and 

incretin analogues [8, 9], most of these 

drugs are associated with many side 

effects such as edema, weight gain, 

hypoglycemia, etc…. [10]. Accordingly, 

new therapeutic agents are needed to 

better treat diabetes and mitigate side 

effects of conventional drugs.  

Resveratrol (RES) gained 

increasing attention due to its pleiotropic 

activity. It is natural non flavonoid 

phytoalexin (trans-3, 5, 4`-

trihydroxystilbene) isolated from variety 

of plant species and fruits and found to 

have good effects in animals and humans. 

Among other activities, RES has anti-

oxidant [11], anti-aging, anti-

inflammatory [12], anti-hypertensive, 

anti-cancer [13, 14], anti-platelet and 

cardio-protective activity [11].  

The purpose of the current study 

was to examine the anti-diabetic, anti-

inflammatory and anti-oxidant effects of 

RES compared to PIO as standard anti-

diabetic drug, and their combination in 

HFD induced T2DM in rats. 

MATERIALS AND METHODS 

Chemicals and drugs 

RES and PIO were purchased from 

Sigma Chemicals Co. (St. Louis, MO). 

All other chemicals were of the highest 

available commercial grade. 

Animals and experimental design 

Male Sprague Dawley rats (about 6 

weeks of age and 80–100 g weight) were 

obtained from Abu-rawash animal house, 

Giza. Rats were housed in stainless steel 

cages with free access to food and water 

and were kept under controlled laboratory 

conditions of normal light–dark cycle and 

temperature.  

Rats were left for acclimatization 

period of 1 week; rats were randomly 

divided into five groups, each of 10 rats. 

Group 1 served as normal control group 

and was maintained on normal rat chow 

diet throughout the experiment (16 

weeks). The remaining four groups were 

maintained on a HFD containing casein 

(30%), raw beef fat (Suet, 40%), wheat 

flour (7%), glucose (10%), salt mixture 

(6%), vitamin mixture (3%), and bran 

(4%) for 16 weeks. In the last 4 weeks, 

HFD was given in addition to the 

following treatment regimens: group 2 

(diabetic control) received water, group 3 

received RES (50 mg/kg/day, orally in 

water), group 4 received PIO (20 

mg/kg/day, orally) and group 5 received a 

combination of RES (50 mg/kg/day) and 

PIO (20 mg/kg/day). 

By the end of the treatment 

regimen, rats were fasted overnight with 

free access to water. Oral glucose 

tolerance test (OGTT) was determined as 

previously described [15]. Briefly, blood 

samples were collected from retro-orbital 

sinuses veins of the rats via glass 

capillaries before (0 time) and at 30, 60, 

90, and 120 min after oral glucose 

loading (2 g/kg) and glucose was 

determined with an automatic blood 

glucose meter (Accu-Chek; Roche 

Diagnostics).  

On the second day, rats were fasted 

again overnight, blood samples were 

collected from retro-orbital sinuses veins 

and centrifuged for 10 min at 1000 g to 

obtain the serum, which was then stored 

at -80 °C. Fasting serum glucose was 

determined using glucose assay kit 
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(BioAssay Systems, Hayward, CA, USA) 

and fasting serum insulin was determined 

using rat/mouse insulin ELISA kit 

(Millipore, USA). 

Serum lipid profile including serum 

total cholesterol (TC), low-density 

lipoprotein cholesterol (LDL-C), and 

triglycerides (TG) were determined using 

colorimetric kits (Roche Diagnostics). 

Serum levels of TNF-α were determined 

using a rat TNF-α Quantikine ELISA kit 

(R&D Systems, McKinley Place, 

Minneapolis, MN, USA). Lipid 

peroxidation was determined chemically 

in serum as TBARS or malondialdehyde 

(MDA), as a marker of oxidative stress 

according to the method described 

previously [16]. The visceral fat pads and 

the gastrocnemius muscles were excised, 

blotted dry and weighed, and the ratio of 

visceral fat/gastrocnemius muscle (g/g) 

was considered as an index of body 

composition [17]. 

Statistical analysis 

Results were expressed as means ± 

standard error of the mean (SEM) and 

were analyzed for statistically significant 

differences using one-way analysis of 

variance (ANOVA). P values <0.05 were 

considered significant. GraphPad Prism® 

was used for statistical calculations 

(GraphPad Software, San Diego, CA, 

USA). 

RESULTS 

Fasting serum glucose and OGTT 

High fat diet feeding resulted in 

overt hyperglycemia (180.6 ± 4.32 mg/dl) 

and significantly increased area under the 

curve (AUC) of OGTT in diabetic control 

group when compared to normal control 

group with fasting serum glucose (FSG) 

of 83.47 ± 2.57, as shown in figure 1, 2 

and 3. Oral administration of resveratrol, 

pioglitazone and their combination 

significantly decreased fasting serum 

glucose and AUC of OGTT compared to 

diabetic control group. Interestingly, 

combined administration of resveratrol 

and pioglitazone decreased 

hyperglycemia to almost normal level 

(FSG, 89.69 ± 3.77) and also normalized 

AUC of OGTT compared to normal 

control group. 
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Figure 1: Effect of HFD-feeding for 120 days on fasting 

serum glucose levels (FSG) and its alteration by RES, 

PIO and their combination 

Data represent the mean ± SEM of 10 observations, 

*** Significant from control at P < 0.001,  

** Significant from control at P < 0.01,  

### Significant from HFD at P < 0.001. 
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Figure 2: Effect of HFD-feeding for 120 days on serum 

glucose levels at zero time and at 30, 60, 90, and 120 

minutes after glucose loading during OGTT and its 

alteration by RES, PIO and their combination 

Contro
l

HFD
RES

PIO

RES+PIO

0

5000

10000

15000

20000

25000

A
U

C
 o

f O
G

TT
 (m

g.
m

in
/d

l)

###

###
###

###

***

***

 
Figure 3: Effect of HFD-feeding for 120 days on area 

under the curve (AUC) of OGTT and its alteration by 

RES, PIO and their combination 

Data represent the mean ± SEM of 5 observations, 

*** Significant from control at P < 0.001,  
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### Significant from HFD at P < 0.001. 

Fasting serum insulin  

High fat diet feeding for 16 weeks 

induced a state of insulin resistance that 

can be manifested by a significant 

increase in fasting serum insulin level 

(37.51 ± 2.16 µIU/ml) in diabetic control 

group compared to normal control group 

(22 ± 1.43 µIU/ml), as shown in figure 4. 

Oral administration of resveratrol, 

pioglitazone and their combination 

significantly improved insulin sensitivity 

and decreased fasting serum insulin level 

by 39.85 %, 43.24 % and 53.1 %, 

respectively.  
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Figure 4: Effect of HFD-feeding for 120 days on fasting 

serum insulin (FSI) and its alteration by RES, PIO and 

their combination 

Data represent the mean ± SEM of 10 observations, 

*** Significant from control at P < 0.001,  

### Significant from HFD at P < 0.001. 

Lipid profile 

As a result of high fat diet feeding, 

diabetic control group showed abnormal 

lipid profile characterized by elevated 

total cholesterol, triglycerides and LDL 

cholesterol by 76.97 %, 54.11% and 

260.2%, respectively compared to normal 

control group, as shown in figure 5, 6 and 

7. Administration of resveratrol, 

pioglitazone and their combination 

significantly improved the dysregulated 

lipid profile. Overall, RES+PIO 

combined administration had the greatest 

improvement in lipid profile with 38.56 

%, 32.6% and 52.47 % reduction in total 

cholesterol, triglycerides and LDL 

cholesterol, respectively compared to 

diabetic control group. 
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Figure 5: Effect of HFD-feeding for 120 days on serum 

total cholesterol (TC) levels and its alteration by RES, 

PIO and their combination 

Data represent the mean ± SEM of 10 observations, 

*** Significant from control at P < 0.001,  

** Significant from control at P < 0.01,  

### Significant from HFD at P < 0.001. 
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Figure 6: Effect of HFD-feeding for 120 days on serum 

triglycerides levels (TGs) levels and its alteration by 

RES, PIO and their combination 

Data represent the mean ± SEM of 10 observations, 

*** Significant from control at P < 0.001,  

### Significant from HFD at P < 0.001, 

## Significant from HFD at P < 0.01.  
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Figure 7: Effect of HFD-feeding for 120 days on serum 

low density lipoprotein (LDL) cholesterol levels and its 

alteration by RES, PIO and their combination 

Data represent the mean ± SEM of 10 observations, 
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*** Significant from control at P < 0.001,  

** Significant from control at P < 0.01,  

### Significant from HFD at P < 0.001. 

Body composition index 

High fat diet feeding negatively 

impacted body composition index 

compared to normal control group, as 

shown in figure 8. Administration of 

resveratrol, pioglitazone and their 

combination significantly decreased body 

composition index, by 30.03%, 51.1% 

and 65.88%, respectively, compared to 

diabetic control group.   
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Figure 8: Effect of HFD-feeding for 120 days on body 

composition index and its alteration by RES, PIO and 

their combination 

Data represent the mean ± SEM of 10 observations, 

*** Significant from control at P < 0.001,  

* Significant from control at P < 0.05,  

### Significant from HFD at P < 0.001, 

## Significant from HFD at P < 0.01. 

Serum TNF-α level 

Being the first cytokine that 

associated with development of insulin 

resistance, TNF-α level was assessed in 

all study groups. The greatest TNF-α 

level was 114.9±3.928 pg/ml in the 

diabetic control group, compared to 

44.64±2.91 pg/ml in the normal control 

group, as shown in figure 9. 

Administration of resveratrol, 

pioglitazone and their combination 

significantly attenuated TNF-α level by 

40.36%, 28.95% and 47.48%, 

respectively, compared to diabetic control 

group.   
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Figure 9: Effect of HFD-feeding for 120 days on serum 

levels of TNF-α and its alteration by RES, PIO and 

their combination 

Data represent the mean ± SEM of 10 observations, 

*** Significant from control at P < 0.001,  

* Significant from control at P < 0.05,  

### Significant from HFD at P < 0.001. 

Serum thiobarbituric acid reactive 

substances (TBARS) 

Induction of T2DM by high fat diet 

caused an extremely significant increase 

in the level of serum TBARS (or MDA) 

to 8.92 ± 0.94 nmol/ml      compared to 

normal control group (3.82 ± 0.29 

nmol/ml), as shown in figure 10. 

Administration of resveratrol, 

pioglitazone and their combination 

significantly decreased serum TBARS 

level by 52.96%, 31.89% and 54.46%, 

respectively, compared to diabetic control 

group.   
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Figure 10: Effect of HFD-feeding for 120 days on 

serum levels of TBARS (MDA) and its alteration by 

RES, PIO and their combination 

Data represent the mean ± SEM of 10 observations, 

*** Significant from control at P < 0.001,  

* Significant from control at P < 0.05,  

### Significant from HFD at P < 0.001, 

## Significant from HFD at P < 0.01. 
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DISCUSSION 

The present study aimed at 

examing the effect of RES, PIO and their 

combination on metabolic disorders, 

oxidative stress and inflammatory status 

that are associated with T2DM. High fat 

diet was used to induce a model for the 

disease. The high fat diet feeding lasted 

for 16 weeks which resulted in overt 

fasting hyperglycemia, altered body 

composition index, dysregulated lipid 

profile, oxidative stress and increased 

TNF-α. The increased TNF-α level 

confirms the inflammatory status which 

characterizes T2DM. High fat diet also 

increased fasting serum insulin level and 

decreased glucose tolerance, these effects 

are typical for metabolic syndrome.  

In the current study, induction of 

T2DM using high fat diet caused a 

disruption in body composition 

(adipose/lean ratio) in rats due to 

accumulation of visceral fat compared to 

the gastrocnemius muscle, as indicated by 

the increased body composition index. 

Moreover, HFD causes inflammation in 

visceral adipose tissue. Additionally, 

increased adipose tissue mass impairs 

insulin action leading to increased risk of 

T2DM [18, 19]. RES administration 

significantly decreased body composition 

index but to a little degree compared to 

PIO. The observed reduction in visceral 

obesity in RES treated group, is attributed 

to its ability to downregulate the key 

adipogenic genes [20] and also attributed 

to its ability to enhance insulin sensitivity 

(discussed later) which reflected on 

improved adipose tissue metabolism.   

The results of the present study 

revealed that HFD fed group had 

significantly increased both fasting and 

post load blood glucose level at all time 

intervals from 0 to 120 min, when 

compared to normal control group. On the 

other hand, RES treatment significantly 

reduced fasting hyperglycemia and 

improved insulin sensitivity as evident by 

improving glucose disposal before and 

after glucose load along different time 

points (0-120 min) and also reduced 

fasting serum insulin. These effects were 

further supported by co-administrating 

PIO with RES. PIO can counteracts 

fasting hyperglycemia in HFD group by 

reducing hepatic glucose output, increase 

glucose uptake into muscles by increasing 

GLUT4 gene expression. Similarly, RES 

decreased fasting blood glucose by 

enhancing insulin action at insulin 

sensitive tissue including muscle, liver 

and adipose tissue [21, 22]. 

Since low grade inflammation and 

activation of the innate immune system 

are among the pathogenic factors of 

T2DM [23], serum TNF-α level was 

assessed in all treatment groups. TNF-α 

expression is increased considerably in 

both obese rodent and human and in 

insulin resistance models [24], and this is 

the case here in where TNF-α level was 

greatly elevated after high fat diet feeding 

compared to normal control group. RES 

treatment significantly reduced serum 

TNF-α level to a greater extent than PIO. 

As TNF-α can interfere with insulin 

signaling [25] and reduce expression of 

glucose transporter, thus the observed 

reduction in TNF-α level in RES treated 

group could explain the observed 

improvement in insulin sensitivity and the 

decrease in fasting serum glucose level. 

Moreover, the anti-inflammatory effect of 

RES could help to protect β-cell since the 

inflammatory state associated with T2DM 

is implicated in deteriorating β-cell 

function [26]. On the other hand, PIO can 

inhibit TNF-α production [27] and 

counteracts TNF-α induced impairment in 

insulin signaling pathway [28].  

On the other hand, high fat diet 

feeding for 16 weeks caused dyslipidemic 
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changes in serum of normal rats. These 

changes include increased triglycerides, 

total cholesterol and LDL-cholesterol in 

HFD-fed group. Administration of RES, 

PIO and their combination significantly 

improved lipid profile compared to non-

treated diabetic rats. The observed 

improvement in lipid profile in RES 

treated group may be attributed to its 

ability to down-regulate hepatic 3-

hydroxy-3-methylglutaryl coenzyme A, 

which mainly involved in cholesterol 

biosynthesis [29, 30]. Increased hepatic 

cholesterol 7α-hydroxylase expression 

results in increased bile acid secretion and 

consequently decrease total and LDL-

cholesterol [31]. Moreover, in an in vitro 

study, RES was found to increase the 

expression of LDL receptors on hepatic 

cells and thus increase LDL uptake [32]. 

The observed improvement in lipid 

profile in PIO treated group may be 

attributed to PPARy induced uptake of 

oxidized LDL. Other targets for PPARy 

activation include fatty acid binding 

protein and lipoprotein lipase leading to 

increased triglycerides uptake into fat and 

decreased circulating free fatty acids. 

The defect in insulin action means 

a defect in the ability of insulin to control 

glucose production by the liver and 

kidney, and to mediate glucose uptake 

and metabolism in insulin sensitive 

tissues which leads to overt 

hyperglycemia. The resultant 

hyperglycemia represent a stressful 

stimulus to β-cells which necessities 

compensatory hyperinsulinemia to 

develop to control hyperglycemia, and 

this is the case herein as the study showed 

that HFD fed rats have significantly 

elevated serum insulin level compared to 

normal control group. On the other hand, 

administration of RES or PIO 

significantly reduced serum insulin level 

to almost normal level. Administration of 

both RES and PIO exhibited further 

reduction in insulin level. 

The mechanism underlying RES 

action include improvement in insulin 

action which evident by the observed 

reduction in fasting hyperglycemia and 

decrease in AUC of OGTT, and thereby 

protects β-cell from glucotoxicity. 

Additionally, RES can enhance insulin 

action by reducing adiposity which 

indicated by reduced body composition 

index as previously discussed, also by 

decrease in serum triglycerides observed 

in the current study. Notably, increased 

serum triglycerides level is linked with 

impaired insulin mediated glucose 

metabolism [33]. The observed reduction 

in serum TNF-α level in RES treated 

group could also enhance insulin action 

since increased TNF-α expression can 

repress GLUT4 gene expression and 

impair insulin sensitivity [34, 35]. On the 

other hand, RES can enhance insulin 

stimulated glucose uptake in skeletal 

muscle by increasing GLUT4 

translocation to muscle cells membrane, 

as reported previously [21, 36]. Overall, 

as a result of the improvement in insulin 

sensitivity, β-cell secretes less amount of 

insulin thus reducing risk of β-cell failure.  

Additionally, the extensive free 

radical production during HFD feeding 

resulted in increased levels of lipid 

peroxides, such as MDA that produced by 

oxidative degradation of polyunsaturated 

fats. Free radicals are highly reactive, 

unstable and cytotoxic which cause 

damage to DNA molecules and proteins 

and implicated in development of many 

diabetes complications. The extent of 

damage caused by free radicals depends 

on the balance between free radical 

production and the body anti-oxidant 

defense mechanism [37]. In the current 

study, level of MDA significantly 

elevated in diabetic control group. 
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However, oral administration of RES 

significantly decreased MDA level in 

diabetic group, almost to a normal level 

which emphasizes on anti-oxidant ability 

of RES. The anti-oxidant activity of RES 

is particularly important for protection of 

β-cells which highly susceptible to 

oxidative degeneration.  

CONCLUSION 

The current study stated that a 

combined administration of RES and PIO 

to HFD feed rats significantly reduced 

central adiposity as evident by improved 

body composition index, as well as they 

enhanced insulin sensitivity via 

normalized fasting blood glucose level 

and AUC of OGTT and reduced fasting 

serum insulin. As a result of the achieved 

improvement in insulin sensitivity, the β-

cells are no longer required to secrete 

larger amount of insulin which leads to a 

drop in circulating insulin level after 

RES/PIO treatment. RES/PIO treatment 

counteracted HFD-induced dysregulation 

in lipid profile. Finally RES/PIO 

treatment significantly antagonized the 

inflammatory and oxidative stress status, 

that develop by HFD, as evident by 

reduced serum TNF-α level and serum 

MDA level, respectively. The combined 

use of RES/PIO has synergistic 

antidiabetic activity against HFD-induced 

type 2 diabetes in rats.  
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