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Resveratrol and/or Metformin Activates Serum Sirtuin-1 and 

Decreases Insulin Resistance in High Fructose-Fed Rats 
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Abstract:  

Background: Insulin resistance is a risk factor for multiple 

diseases. Resveratrol is a potent activator of sirtuin 1 (SIRT1), 

which is implicated in the regulation of cellular functions and 

energy metabolism. Activation of SIRT1 is reported to increase 

insulin resistance. Aim: We aimed to consider the effects of 

individual or combined treatment with resveratrol and metformin on 

serum SIRT1 activity and insulin resistance in high fructose-fed 

rats. Methods:   Forty male Wistar albino rats were divided into: (1) 

control group, (2) high fructose-fed group (HFF), (3) HFF-

resveratrol-treated group, (4) HFF-metformin-treated group, and (5) 

HFF with combined resveratrol and metformin-treated group. Body 

weight, fasting blood glucose and serum insulin were measured and 

HOMA-IR index was calculated. Lipid profile, inflammatory and 

oxidative stress markers and serum SIRT1 activity were also 

determined at the end of the study. Results: Individual treatment 

with resveratrol or metformin resulted in partial significant decrease 

in glucose and insulin levels and HOMA-IR index, which was associated with partial significant 

alteration in serum lipid profile, inflammatory and oxidative stress markers levels and 

significantly enhanced serum SIRT1 activity. However, combination therapy of both drugs 

resulted in maximal improvement in all measured biochemical parameters. Conclusion: Due to 

their synergistic action, the combination therapy of resveratrol and metformin significantly 

normalized serum SIRT1 activity and insulin resistance in high fructose-fed rats. 
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Introduction 

Insulin resistance (IR) is a complex 

metabolic disorder and a risk factor for 

multiple diseases [1]. The dramatic increase 

in IR incidence can be attributed to lifestyle 

choices [2]. IR is the reduction of the insulin 

target cells, such as skeletal muscle, adipose 

tissue and liver, responses to the 

physiological concentration of insulin and 

impaired glucose metabolism [1].  

IR leads to hyperglycemia, compensatory 

hyperinsulinemia and downregulation of 

glucose transporter type 4 (GLUT4) 

expression in the cell membrane [3]. Long-

term high-sugar diet is a risk factor for the 

development for IR which contributes to 

deposition of plasma free fatty acids (FFAs) 

in non-fat cells, such as the skeletal muscle, 

liver, heart, and pancreas [1, 3, 4].  

Fructose is a natural sugar that is commonly 

used as a sweetener in beverages and 

processed foods. Elevated plasma levels of  

insulin, free fatty acids, and triglycerides 

were shown in rats fed on high-fructose diet 

for 10 days [3] and the metabolism of 

excessive amount of fructose lead to 

development of fatty liver, IR and  

 

 

components of the metabolic syndrome [5]. 

Sirtuin is a member of the silent information 

regulator 2 family that was implicated as 

conserved regulators of lifespan [6].  

There are seven sirtuins in mammals. Sirtuin 

1 (SIRT1), a NAD
+
-dependent histone 

deacetylase, is the most characterized 

member that was found to be an important 

regulator of energy metabolism. SIRT1 is 

implicated in the regulation of several 

cellular functions such as glucose-lipid 

metabolism, mitochondrial biogenesis, 

inflammation, stress resistance, apoptosis, 

and autophagy [7]. 

 Resveratrol, is a naturally occurring 

compound found in grapes, peanuts, and 

blueberries. It has strong antioxidant 

properties and had beneficial effects in wide 

range of diseases such as cardiovascular 

diseases, diabetes, inflammation, aging, and 

cancer [8].  

 Resveratrol is a potent SIRT1 activator [9, 

10]. Metformin is the most widely-indicated 

insulin-sensitizing agent. It improves insulin-

mediated suppression of hepatic glucose 

production and enhances insulin-stimulated 

glucose disposal in skeletal muscle [11, 12].  
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We aim to consider the effect of the SIRT1 

activator, resveratrol, on serum SIRT1 

activity and IR in high fructose-fed rats 

(HFF) and comparing its effects to metformin 

as well as to study the effect of combined 

treatment. 

 We also aim to demonstrate the possible 

associated changes in serum levels of lipid 

profile, tumor necrosis factor-α (TNF-α), 

malondialdehyde (MDA), and superoxide 

dismutase (SOD) activity. 

Materials and Methods 

Animals: 

This is a prospective study carried out on 40 

male Wistar albino rats (150-200 g). The rats 

were kept in an animal house in Faculty of 

Medicine, Menoufia University with artificial 

light dark cycle of 12h and at room 

temperature 26±1 °C. 

 The rats were fed with standard rat chow and 

water adlibitum. Our study was approved by 

the ethical committee of the Faculty of 

Medicine, Menoufia University and the 

experiments were performed during the 

period from May 2019 to July 2019 in 

accordance with the ethical guidelines for the 

care and investigations in laboratory animals. 

 

Experimental Design and Collection of 

Samples: 

Rats were randomly divided into 5 equal 

groups (n=8 in each group). Control group: 

rats received 2 ml distilled water daily by 

oral gavage, HFF group: rats were fed 

fructose rich diet (60% fructose mixed with 

rats’ chow) for 6 weeks [13], HFF 

resveratrol-treated group (HFF+RES): rats 

were fed fructose rich diet and resveratrol 

(Sigma-Aldrich Chemicals, St. Louis, MO) 

was freshly dissolved in 0.9% saline solution 

and administered in a dose of 20 mg/Kg/day 

for 6 weeks via oral gavage [14], HFF 

metformin-treated group (HFF+MET): rats 

were fed fructose rich diet and metformin 

(Actos-Lilly, Cairo, Egypt) was administered 

in a dose of 100 mg/kg body weight daily 

dissolved in 0.9% saline solution [15] by oral 

gavage daily for 6 weeks, and HFF with 

combined resveratrol and metformin-treated 

group (HFF+RES+MET):  rats were fed 

fructose rich diet and received combined 

resveratrol and metformin treatment as 

described previously. 

Body weight was determined at the end of 

the experiment. After treatment, animals 

were fasted overnight (10 PM – 10 AM) and 

blood glucose was measured using 

glucometer (Diavue, Muenster-Germany). 

Retro-orbital blood samples were then 
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extracted via heparinized microcapillary 

tubes and left at room temperature for 30 

minutes to clot. Samples were then 

centrifuged at 2000 rpm for 10 minutes for 

separation of serum samples. Serum samples 

were stored at -20 °C for further 

determination of fasting insulin, lipid profile, 

TNF-α, MDA and SOD activity levels. 

Homeostatic model assessment (HOMA) 

index was calculated by the formula: [fasting 

blood insulin (µU/ml) x fasting blood glucose 

(mg/dl) / 405] [16]. 

Measurement of serum levels of MDA, 

SOD activity, triglycerides, cholesterol and 

lipoproteins:  

Kits for enzymatic colorimetric 

determination of serum MDA 

(QuantiChrom™, BioAssay Systems, USA), 

SOD activity (EnzyChrom™, BioAssay 

Systems, USA), triglycerides, cholesterol and 

lipoproteins were obtained from Spainreact, 

Egypt. Their levels were determined using 

spectrophotometer (Shimadzu/Double beam 

spectro-photometer U.V.150, Germany) as 

mentioned in previous studies [17, 18].  

Measurement of serum levels of insulin, 

TNF-α, and SIRT1 activity: 

Serum levels of insulin (DRG Instruments 

GmbH, Germany), TNF-α (Quantikine® 

ELISA, R&D Systems Inc., MN, USA) and 

SIRT1 activity (MyBioSource, Inc., USA) 

were tested using enzyme-linked 

immunosorbent technique using an automatic 

optical reader (SUNRISE Touchscreen, 

TECHAN, Salzburg, Austria) according to 

manufacturer’s instructions. 

Statistical analysis: 

Results were expressed as mean ± SD. SPSS 

software version 16.0 was used for 

performing all statistical analysis with 

applying Mann–Whitney U test for testing 

significance. The probability value < 0.05 

was considered statistically significant. 

Results 

Insignificant change in body weight was 

observed when HFF group was compared to 

the control group and when the treated 

groups were compared to HFF and control 

groups (P>0.05). HFF+RES group showed 

insignificant change in all parameters when 

compared to the HFF+MET group (P>0.05).  

Fasting blood glucose, serum insulin, and 

HOMA-IR index: 

Fasting blood glucose level was significantly 

higher in HFF group when compared to 

control group (P<0.001). HFF+RES and 

HFF+MET groups showed a significant 

decrease in fasting blood glucose to a level 

that was significantly lower than HFF group 
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(P<0.001) and significantly higher than 

control (P=0.02 and P=0.003 respectively). 

HFF+RES+MET group showed significant 

decrease in blood glucose to a level that was 

significantly lower than HFF group 

(P<0.001) and insignificantly changed from 

control group (P=0.492) (Table 1).  

Serum insulin level was significantly 

increased in HFF group when compared to 

the control group (P<0.001). HFF+RES and 

HFF+MET groups showed significantly 

lower level of serum insulin when compared 

to HFF group (P<0.001). Serum insulin level 

in HFF+RES and HFF+MET groups was still 

significantly higher than control group 

(P=0.011 and P=0.002 respectively). 

HFF+RES+MET group showed significant 

decrease in serum insulin level when 

compared to HFF group (P<0.001) but it 

showed insignificant change when compared 

to the control group (P=0.512) (Table 1).  

Insulin resistance was indicated by 

calculation of HOMA-IR index. There was 

significant increase in HOMA-IR index in 

HFF group, when compared to control group 

(P<0.001). HOMA-IR was significantly 

decreased in HFF+RES and HFF+MET 

groups to a level that was significantly lower 

when compared to HFF group (P<0.001) and 

significantly higher when compared to the 

control group (P=0.022 and P<0.001 

respectively). HFF+RES+MET group 

showed significantly lower level of HOMA-

IR index when compared to HFF group 

(P<0.001) and insignificant change when 

compared to control group (P=0.503) (Table 

1).  

SIRT1 activity level: 

Level of SIRT1 was significantly decreased 

in HFF group when compared to control 

group (P<0.001). HFF rats that received 

resveratrol or metformin showed 

significantly increased level of serum SIRT1 

when compared to the HFF rats (P=0.005 and 

P=0.031 respectively). Serum SIRT1 level in 

HFF+RES and HFF+MET groups showed 

significantly lower level of SIRT1 when 

compared to the corresponding level in the 

control group (P=0.039 and P=0.007 

respectively). HFF+RES+MER group 

showed significantly higher level of SIRT1 

when compared to the corresponding level in 

HFF group (P<0.001) and insignificant 

change when compared to the corresponding 

level in control group (P=0.324) (fig.1). 

Serum lipid profile: 

Serum cholesterol level was significantly 

increased in HFF group when compared to 

control group (P<0.001). Administration of 

resveratrol or metformin in HFF+RES or 

HFF+MET groups respectively significantly 
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decreased serum cholesterol to a level that 

was significantly lower than HFF group 

(P=0.013 and P=0.016 respectively) and still 

significantly higher than control group 

(P=0.032 and P=0.026 respectively).  

HFF+RES+MET group showed significantly 

lower level of cholesterol when compared to 

the corresponding level in HFF group 

(P<0.001) and insignificant change when 

compared to the corresponding level in 

control group (P=0.446) (Table 2). 

Serum triglycerides level was also 

significantly increased in HFF group when 

compared to control group (P<0.001).  

HFF+RES and HFF+MET groups showed 

significantly decreased serum triglycerides 

level when compared to HFF group 

(P<0.001) and a significant change was 

observed when triglycerides levels in both 

groups were compared to the corresponding 

level in the control group (P=0.023 and 

P=0.003 respectively) (fig.2). 

 HFF+RES+MET group showed significant 

decrease in triglycerides level when 

compared to HFF group (P<0.001) and 

insignificant change when compared to the 

corresponding level in control group 

(P=0.956) (Table 2).  

There was significant increase in serum LDL 

in HFF group when compared to control 

group (P<0.001). HFF+RES and HFF+MET 

groups showed significant decrease in serum 

LDL to a level that was significantly lower 

than HFF group (P<0.001 and P=0.023 

respectively) and significantly higher than the 

control group (P=0.03 and P<0.001 

respectively). HFF+RES+MET showed 

significantly lower level of LDL when 

compared to the corresponding value in HFF 

group (P<0.001) and insignificant change 

when compared to the corresponding value in 

control group (P=0.994) (Table 2). 

Serum HDL was significantly decreased in 

HFF group when compared to control group 

(P<0.001). HFF+RES and HFF+MET groups 

showed significantly higher level of serum 

HDL than the corresponding level in the HFF 

group (P=0.012 and P=0.03 respectively).  

Serum HDL in HFF+RES or HFF+MET 

group was still significantly lower when 

compared to the corresponding level in 

control group (P=0.031 and P=0.013 

respectively). HFF+RES+MET group 

showed significantly higher level of HDL 

when compared to the corresponding level in 

the HFF group (P<0.001) and insignificant 

change when compared to the corresponding 

level in control group (P=0.786) (Table 2). 
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Serum level of TNF-α, MDA, and SOD 

activity:   

Serum TNF-α level was significantly 

increased in HFF group when compared to 

control group (P<0.001). Level of TNF-α was 

significantly decreased in HFF+RES and 

HFF+MET groups when compared to the 

corresponding level in HFF group (P<0.001).  

Both groups also showed significant change 

when compared to the corresponding value in 

the control group (P<0.001).  

HFF+RES+MET group showed significantly 

lower level of TNF-α when compared to the 

corresponding value in HFF group (P<0.001) 

and insignificant change when compared to 

the corresponding value in the control group 

(P=0.12) (fig. 1). 

Serum MDA was significantly increased in 

HFF group when compared to control group 

(P<0.001). HFF+RES and HFF+MET groups 

showed significantly lower level of serum 

MDA when compared to the HFF group 

(P=0.025 and P=0.037 respectively).  A 

significant change was also observed when 

serum MDA level in both groups was 

compared to the corresponding value in the 

control group (P=0.035 and P=0.023 

respectively). HFF+RES+MET group 

showed significant decrease in MDA level 

when compared to the corresponding level in 

the HFF group (P<0.001) and insignificant 

change when compared to the corresponding 

value in the control group (P=0.803) (fig. 2).  

There was significant decrease in SOD 

activity level in HFF group when compared 

to control group (P<0.001). SOD activity 

level was significantly increased in 

HFF+RES and HFF+MET groups when 

compared to HFF group (P<0.03 and 

P=0.015 respectively). 

 SOD activity levels in HFF+RES and 

HFF+MET were significantly changed when 

compared to the corresponding levels in 

control group (P=0.009 and P=0.019). 

HFF+RES+MET group showed significantly 

higher level of SOD activity when compared 

to the corresponding level in the HFF group 

(P<0.001) and insignificant change when 

compared to the corresponding value in the 

control group (P=0.995) (fig. 2). 
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Table 1: Effect of resveratrol, metformin, and combined treatment on body weight (g), blood glucose (mg/dl), fasting 

serum insulin (µU/ml) and HOMA-IR in HFF rats. 

Data are expressed as mean±SD (n=8). *: Significant as compared to the control group. #: Significant as compared to 

the HFF group. $: Significant as compared to the HFF+RES group. HFF: high fructose-fed rats; HFF+RES: high 

fructose-fed and resveratrol-treated group; HFF+MET: high fructose-fed and metformin-treated group; 

HFF+RES+MET: high fructose-fed with combined resveratrol and metformin-treated group; HOMA-IR: Homeostatic 

model assessment of insulin resistance. 

Table 2: Resveratrol, metformin, and combined treatment restores lipid profile in HFF rats. 

Data are expressed as mean±SD (n=8). *: Significant as compared to the control group. #: Significant as compared to 

the HFF group. $: Significant as compared to the HFF+RES group. HFF: high fructose-fed rats; HFF+RES: high 

fructose-fed and resveratrol-treated group; HFF+MET: high fructose-fed and metformin-treated group; 

HFF+RES+MET: high fructose-fed with combined resveratrol and metformin-treated group; LDL: Low-density 

lipoprotein-cholesterol; HDL: High-density lipoprotein-cholesterol. 

 

 

 Control HFF HFF+RES HFF+MET HFF+RES+MET 

Bogy Weight (g)  244±14 256±14 252±19 255±11 249±14 

Blood Glucose (mg/dl) 84.1±6.2 120.8±14.1
*
 96.6±3.8

*#
 99.6±3.8

*#
 90.38±5.5

#
 

Fasting Serum Insulin (µU/ml) 14.3±2.2 27.9±3.4
*
 19.6±2.8

*#
 20.6±3.7

*#
 16.8±3.5

#
 

HOMA-IR 3±0.6 8.3±1.4
*
 4.7±0.6

*#
 5.1±1

*#
 3.7±0.8

#
 

 
Control HFF HFF+RES HFF+MET HFF+RES+MET 

Serum Cholesterol (mg/dl)  88±5 124±9
*
 105±14

*#
 106±12

*#
 98±12

#
 

Serum Triglycerides (mg/dl) 60.6±2.5 81.5±7.1
*
 68.3±4.4

*#
 70.3±4.4

*#
 62.3±4.4

#
 

Serum LDL (mg/dl) 46.75±6.9 78.9±6.7
*
 53.25±8

*#
 66.13±7.7

*#
 48.3±7.7

#
 

Serum HDL (mg/dl) 44.5±6 27±4.9
*
 36.25±5.4

*#
 35.3±5

*#
 41.45±5.4

#
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Figure 1. Resveratrol and/or metformin treatment restores serum (A) TNF-α and (B) SIRT1 activity in all 

studied groups. * Significant when compared to control group. 
#
 Significant when compared to HFF group. (n=8). 

TNF-α: tumor necrosis factor-α, SIRT1: sirtuin-1, HFF: high fructose-fed rats; HFF+RES: high fructose-fed and 

resveratrol-treated group; HFF+MET: high fructose-fed and metformin-treated group; HFF+RES+MET: high fructose-

fed with combined resveratrol and metformin-treated group. 

 

Figure 2. Resveratrol and/or metformin treatment improves serum oxidative status in all studied groups. * 

Significant when compared to control group. 
#
 Significant when compared to HFF group. (n=8). MDA: 

malondialdehyde, SOD: superoxide dismutase, HFF: high fructose-fed rats; HFF+RES: high fructose-fed and 

resveratrol-treated group; HFF+MET: high fructose-fed and metformin-treated group; HFF+RES+MET: high fructose-

fed with combined resveratrol and metformin-treated group. 
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Discussion  

High fructose intake has a detrimental effect 

on insulin sensitivity. IR is a risk factor for 

multiple diseases such as micro- and 

macrovascular complications and 

development of cardiovascular disease and 

Type 2 diabetes [19, 20]. Activation of 

SIRT1 could improve IR and modulate 

glucose metabolism in insulin resistant 

conditions [21].  

We investigated and compared the effects of 

individual or combined treatment with 

resveratrol, a potent SIRT1 activator, and 

metformin, an insulin sensitizer, on serum 

SIRT1 activity and IR in HFF rats and 

studied the associated changes in lipid 

profile, TNF-α and oxidative stress markers. 

Our study demonstrated that individual 

treatment with resveratrol or metformin 

partially enhanced serum SIRT1 activity, and 

partially improved IR and all measured 

biochemical parameters in HFF rats. 

 There was statistically insignificant 

difference in all studied parameters between 

HFF rats treated with resveratrol and those 

treated with metformin. Combined treatment 

with resveratrol and metformin had a more 

profound effect. We showed that combined 

treatment with resveratrol and metformin  

 

maximally improved SIRT1 activity and IR 

and maximally reversed the changes in serum 

lipid profile, serum TNF-α, and oxidative 

stress markers in HFF rats. 

Several studies have demonstrated the 

relationship between high fructose intake and 

the development of hyperglycemia and IR [2, 

22].   

 

Fructose has little influence on serum insulin 

concentration and plasma glucose levels in 

the short term. However, the negative long-

term exposure to fructose leads to lipogenesis 

and greater elevation in triglycerides and 

cholesterol in an insulin independent manner, 

resulting in progressive fat deposition in 

skeletal muscle and accumulation of lipotoxic 

fat metabolites which in turn impair insulin 

signaling and induce IR mainly in liver and 

muscles [23]. IR and hyperinsulinemia are 

commonly associated with shift in cholesterol 

metabolism to increase synthesis and 

decrease absorption due to increase levels of 

triglycerides and FFAs [24, 25].  

Sirtuins regulates a variety of cellular and 

biological processes. SIRT1 is the most 

extensively characterized Sirtuin. It is an 

epigenetic regulator that acts at chromatin 
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level. SIRT1 has been shown to be attenuated 

in cells showing high IR such as heart, aortic 

blood vessels, and liver [26, 27]. And its 

activation was reported to increase insulin 

sensitivity [28, 29].  

We observed significant decrease in serum 

SIRT1 activity level in HFF rats. However, 

Gok et al. [30] stated that serum SIRT1 

protein level was significantly increased in 

patients with an insulin resistant state, type 2 

diabetes mellitus (T2DM), and it has been 

reported to be a potentially new biomarker 

for T2DM.  

However, the increased SIRT1 expression in 

patients with T2DM can be considered as a 

compensatory response in the body that may 

be overwhelmed. Previous studies have 

demonstrated that oxidative stress can 

directly or indirectly inhibit SIRT1 activity. 

Reactive oxygen species (ROS) production 

can be promoted due to ATP depletion, 

endoplasmic reticulum stress, uric acid 

formation, suppression of mitochondrial fatty 

acid oxidation, and deterioration of the 

antioxidant defense mechanisms in HFF rats 

[31, 32].  

Other mechanisms that can induce oxidative 

stress in fructose overload is through 

hypertriglyceridemia and production of 

advanced glycation end products (AGEs) 

through fructose auto-oxidation that is ten 

times greater than those produced by glucose 

[33].Oxidative stress can induce oxidative 

modification of SIRT1 enzyme, decrease 

SIRT1 mRNA level, and control the 

activation of 5' adenosine monophosphate-

activated protein kinase (AMPK) enzyme 

which can reciprocally activate SIRT1. 

Attenuation of SIRT1 enhances the NF-kB 

signaling which supports the inflammatory 

responses [34].  

Induced TNF-α production was  observed in 

acute and chronic hyperglycemic conditions 

[35]. Excess ROS is also implicated in 

impairment of insulin receptor signal 

transduction at various points, resulting in 

decreased GLUT4 expression in the cell 

membrane and IR in peripheral tissue [4].   

Tumor NF-α is an important factor in the 

regulation of IR in HFF rats [36]. Excessive 

TNF-α production directly impairs glucose 

uptake and metabolism through 

modifications of insulin signal transduction 

[19] and is implicated in the generation of 

ROS and stimulation of hepatic lipogenesis 

[37, 38]. 

Individual treatment with insulin or 

resveratrol significantly increased SIRT1 

activity and improved IR in HFF rats, and 

complete normalization was observed in 
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HFF+RES+MET group. Resveratrol is a 

potent SIRT1 activator. Activation of SIRT1 

directly affects insulin signaling in multiple 

insulin sensitive cells. It also decreases serum 

low-density lipoprotein (LDL) and total 

cholesterol and prevents accumulation of 

fatty acids [39]. 

 SIRT1 activation protects cells from ROS-

induced damage via inhibition of 

mitochondrial ROS generation and increasing 

NADPH levels [40]. SIRT1 can also enhance 

insulin signaling because of its anti-

inflammatory actions; it inhibits 

proinflammatory gene expression through 

deacetylation and inhibition of binding of 

nuclear factor kappa B to its target gene 

promoters [41].   

Resveratrol can effectively reduce total 

cholesterol, triglycerides, and  LDL levels in 

a dose effect manner, which may also be due 

to the phenolic hydroxyls contained in 

resveratrol [42]. It also acts as a free radical 

scavenger and upregulate endogenous 

cellular antioxidant system [43]. 

 In agreement with us, Cheng et al. stated that 

resveratrol decreases ROS production,  

downregulates NADPH oxidase, and 

upregulates the level of SOD in rats with 

fructose‐induced hypertension [44] due to 

activation of AMPK enzyme. Consistent with 

our results, Abd El-Haleim et al. [45] stated 

that resveratrol ameliorated TNF-α level in 

fructose-induced metabolic abnormalities in 

rats. Resveratrol exerts anti-inflammatory 

activities that mainly target cyclooxygenase 

(COX), 5-lipoxygenase and protein kinase B 

enzymes [46].  

Metformin has a beneficial effect on reducing 

blood cholesterol and triglycerides in HFD 

rats [47]. Which explains the enhanced 

insulin sensitivity, significant decrease in 

fasting blood glucose and serum insulin 

levels and the significant increase in HOMA-

IR index in HFF+MET group. Metformin 

treatment was observed to enhance SIRT1 

activity in HFF+MET group; it induces 

AMPK activation that can function as a 

SIRT1 activator [48, 49].  

In addition, consistent with our results, 

metformin attenuated oxidative stress in 

fructose-fed rats [50]. It enhances the plasma 

antioxidant capacity by increasing 

antioxidant enzymes activities (SOD and 

glutathione peroxidase) and decreasing the 

plasma MDA level in HFF rats [50]. We also 

observed that metformin partially attenuated 

TNF-α in HFF+MET rats. Metformin has 

several biologic activities including anti-

inflammatory and immunomodulatory 

properties [51]. Combined treatment with 

resveratrol and metformin completely 
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normalized all studied parameters. This was 

in agreement with Frendo-Cumbo et al. [52] 

who reveals that the combination treatment 

with these compounds may have a greater 

efficacy in diet-induced IR. 

Conclusion 

Due to their synergistic action, the 

combination therapy of resveratrol and 

metformin significantly enhances serum 

SIRT1 activity and significantly alleviates IR 

in HFF rats via amelioration of 

hyperglycemic, hyperlipidemic, 

inflammatory and increased oxidative 

mechanisms. 

List of Abbreviations:  

AGEs: Advanced glycation end products 

AMPK: Adenosine monophosphate-activated 

protein kinase 

FFAs: Free fatty acids 

GLUT4: Glucose transporter type 4 

HDL: High-density lipoproteins 

HFF: High fructose-fed 

HOMA: Homeostatic model assessment 

IR: Insulin resistance 

LDL: Low density lipoproteins 

MDA: Malondialdehyde 

ROS: Reactive oxygen species 

SIRT1: Sirtuin 1 

SOD: Superoxide dismutase 

T2DM: Type 2 diabetes mellitus 

TNF-α: Tumor necrosis factor-α 
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