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 Abstract 

Background: Defects in glucose transporter-4 (GLUT-4) expression and function in the 

skeletal muscles and adipose tissue can be considered as the main cause of insulin 

resistance (IR) in type 2 diabetes mellitus (T2DM). Also, Oxidative stress and 

inflammation play a very important role in the development of IR and T2DM. Aim: 

Studying the effect of quercetin and metformin on GLUT-4 expression, oxidative stress, 

inflammation markers and IR in T2DM.Method: This study was carried out on 50 male 

Wistar rats which were divided into five groups; control, untreated diabetic rats, diabetic 

rats treated with metformin, diabetic rats treated with quercetin and diabetic rats treated 

with metformin and quercetin. Results: The use of metformin and quercetin separately 

produced significant decrease in plasma glucose, insulin, IL-6, TNF-α levels, HOMA-IR 

and TBARS level in skeletal muscle. Also, they caused significant elevation in the 

antioxidant enzyme activities in skeletal muscles with increased expression of GLUT-4 

in the skeletal muscles and adipose tissue compared to the diabetic rats. Evidently, the 

quercetin effects were more significant than that of metformin on all the parameters 

except on HOMA-IR (similar significant improvement). Moreover, the combined use of 

quercetin and metformin produced highly significant improvement approaching control 

level in all the parameters than that observed by using either of them.   Conclusion: The 

combined use of QC and MF improved hyperglycemia and IR by increasing the 

expression of GLUT-4 in skeletal muscles and adipose tissue together with the reversal 

of the oxidative stress and inflammatory states.  
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INTRODUCTION 

Diabetes mellitus (DM) is a chronic 

metabolic disorder caused by deficiency of insulin 

secretion by the beta cells of the pancreas or 

diminished action of insulin on different tissues 

cells or both. Long term hyperglycemia and 

accompanying metabolic disturbances are the main 

causes of development of various diabetic 

complications as retinopathy, nephropathy, 

peripheral neuritis, cardiovascular diseases and 

sexual impairment (1). DM is the most prevalent 

endocrine disease in the world and its prevalence 

was estimated to be increased from 382 million in 

2013 to 592 million in 2035 (2). According to 

American Diabetes Association (ADA), type 2 

DM (T2DM) accounts for ~90-95 % of all diabetic 

patients worldwide. It is caused by a mixture of 

peripheral insulin resistance (IR) and insufficient 

compensatory insulin output by the pancreatic beta 

cells (3).  

It was confirmed that inflammation plays a 

major role in the pathogenesis of T2DM mediated 

by pro-inflammatory cytokines as interleukin-6 

(IL-6) and tumor necrosis factor alpha (TNF-α) 

that are secreted in response to excess intracellular 

triglycerides which enhances IR (4). 

Also, reactive oxygen species (ROS) induced 

damage has been implicated in the pathogenesis of 

T2DM (5). Moreover, it was reported that the free 

radical scavenging ability of diabetic patients is 

lower than that of healthy people which may be 

due to lower concentration of natural antioxidants 

(6).  

  As DM is a chronic disease and 

antidiabetic drugs have many side effects, the use 

of natural products as functional foods and herbal 

medicine is now emerging as an alternative and 

complementary line of management due to its 

apparent effectiveness, minimal side effects and 

relatively low cost (7).  

Quercetin (QC) Flavonoids are a family of 

plant compounds that occurs naturally in fruits and 

vegetables as onions, apples, grapes and nuts 

which are commonly included in human diets (8). 

A previous study showed that administration of 

QC to streptozotocin (STZ) treated rats showed a 

significant reduction in fasting and post-prandial 

blood glucose levels (9). There was a significant 

evidence that QC has a role in the treatment of 

oxidative damage, DM, cancer, inflammation, 

bacterial and viral infections and cardiovascular 

diseases (10).  

Metformin (MF) is an oral hypoglycemic 

drug of the biguanide class which has the ability to 

decrease glucose production by the liver, increase 

glucose consumption by peripheral tissues and 

increase expression of insulin receptors and 

tyrosine kinase enzyme activity in liver and 

muscles (11). Moreover, it influences translocation 

of glucose transporter 4 (GLUT-4) (12) besides its 

powerful antioxidant actions (13). These effects 

result in enhancement in peripheral insulin 

sensitivity with no danger of hypoglycaemia or 

body weight increase (14). Therefore, the 

American Diabetes Association and the European 

Association for the Study of Diabetes suggested 

MF as the first choice for T2DM treatment (15).  

GLUT-4 is an insulin-dependent glucose 

transporter which is present in the myocardium, 

skeletal muscles, adipose tissue and brain. It exists 

in vesicles inside the cells cytoplasm from which it 

is translocated to the cell membrane under the 

effect of insulin. It causes rise of the cells glucose 

uptake by about 10-20 fold (16). Insulin promotes 
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glucose entry to cells by binding to its receptor 

resulting in activation of phosphatidylinositol-3 

kinase (PI3K) pathway which increases GLUT-4 

translocation from intracellular vesicles to the 

plasma membrane of skeletal muscle (17,18). It 

was found that defects in signaling pathway which 

lead to defects in GLUT-4 expression and function 

can be considered as the major cause of IR (19). 

So, GLUT-4 could be a very important target for 

the different methods of T2DM treatment (20). 

 Accordingly, the treatment of T2DM 

should be directed to increase the expression of 

GLUT-4 in the skeletal muscles and adipose tissue 

cells and improve the oxidative stress and 

inflammatory states to decrease IR and lower the 

blood glucose level.  

So, the aim of the present work is to study 

the effect of quercetin and metformin on GLUT-4 

expression in skeletal muscles and adipose tissue, 

oxiadative stress, inflammatory markers and 

insulin resistance in T2DM. We chose metformin 

as it is a cheap standard drug for treatment of 

T2DM and quercetin as it is a natural flavonoid 

available in many foods and easy to be consumed 

by the diabetic patients.   

 

Material and Methods:  

Experimental animals 

After approval from local ethical 

committee of Faculty of Medicine, Tanta 

University, this study was carried out on fifty male 

Wistar rats weighing 180–200 g. The animals were 

obtained from the animal house of Faculty of 

Medicine, Tanta University. All animals were kept 

under the same environmental conditions, fed 

standard commercial rat chow and had free access 

to tap water throughout the period of the study. 

The rats were housed in isolated animal cages and 

kept under a 12-hour light–dark cycle at controlled 

temperature (23±1°C) and humidity 70–75%. They 

were divided into five groups of 10 rats each and 

allowed to acclimatize to their environment for 

five days before the start of experiment. The 

handling of the animals was carried out in 

accordance with the ethical guidelines for 

investigations.  

 

Research design 

At the beginning of the present study, 10 

rats were separated as a control group (group I) 

and fed ad libitum standard commercial chow with 

tap water for 8 weeks. For the induction of T2DM, 

50 rats were injected with single intravenous 

injection of 45 mg/kg streptozotocin (STZ) 

(Sigma, Chemical Co., St. Louis, MO, USA) 

dissolved in sodium citrate buffer (0.1 mol/liter, 

pH adjusted to 4.5) at a concentration of 20 mg/ml 

(21). After 3 days, fasting blood samples were 

obtained from the tail vein and fasting blood sugar 

was measured using a glucometer (Aquo-Check, 

Roche). Rats having fasting blood sugar more than 

200 mg/dl were considered as diabetic (21) and 

used for the study. Then, 40 diabetic rats were 

randomly chosen and distributed among 4 groups 

(each group consisted of 10 rats) as follows: 

Group II (Untreated diabetic rats): The rats had 

free access to food and water and treated orally 

with 1 ml normal saline by orogastric tube (oral 

gavage) for 8 weeks. 

Group III (Metformin treated diabetic rats): The 

rats received MF orally in a dose of 10 mg/kg/day 

dissolved in 1 ml normal saline by orogastric tube 

(oral gavage) for 8 weeks. 
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Group IV (Quercetin treated diabetic rats): QC was 

given to the rats orally in a dose of 25 mg/kg/day 

dissolved in 1 ml normal saline by orogastric tube 

(oral gavage) for 8 weeks. 

Group V (Metformin and quercetin treated diabetic 

rats): The rats were given combined treatment with 

MF and QC orally in the same doses in group III 

and IV for 8 weeks. 

At the end of the experimental period, the 

rats were fasted for 12 hours overnight and then 

fasting blood samples were taken from retro-

orbital venous plexus immediately in heparinized 

capillary tubes under light ether anesthesia. 

Thereafter, the blood was centrifuged at 3000 rpm 

for 15 min to separate plasma for different 

biochemical assays. The animals were then 

decapitated under ether anesthesia, and tissue 

samples from the soleus muscle were rapidly 

excised and stored at −20°C for subsequent 

biochemical assays. For determination of GLUT-4 

expression, samples from soleus muscle and its 

adjacent adipose tissue were preserved in formalin 

10% solution and processed in usual way until 

paraffin blocks were obtained. 

Chemicals: 

Quercetin and metformin were purchased from 

Sigma-Aldrich Co., USA. 

 

The techniques: 

The different techniques of the present 

study were carried out in Physiology department, 

immunohistochemistry unit, Pathology 

department, Faculty of Medicine and central 

research laboratory of Tanta University.  

 

 

 

Biochemical assays: 

Fasting plasma glucose was measured 

using Roche Hitachi 912 Chemistry Analyzer. 

Insulin plasma level was determined by 

radioimmunoassay (RIA-Immulite, IML2000,IML 

2500 insulin) provided by Siemens Medical 

Solutions Diagnostics. Insulin resistance was 

calculated using the formula of the Homeostasis 

Model Assessment (HOMA-IR) = fasting insulin 

(uIU/ml) x fasting glucose (mmol/liter) / 22.5. 

Plasma IL-6 level was determined using ELISA 

kits (R&D Systems, Minneapolis, MN, USA). 

Plasma TNF-α level was assessed using ELISA 

kits (TiterZyme EIA kit, Assay Designs, Inc., Ann 

Arbor, MI, USA). 

The oxidative stress markers were 

estimated in the skeletal muscle tissue as follows: 

Thiobarbituric acid reactive substance (TBARS) 

by the method of Ohkawa et al. (22), superoxide 

dismutase (SOD) activity by the method of 

Marklund and Marklund (23), catalase (CAT) 

activity by the method of Aebi (24) and activity of 

glutathione peroxidase (GSH-Px) by the method of 

Lawrence and Burk (25). 

 

Immunohistochemical detection of GLUT-4 

expression in skeletal muscle and adipose 

tissue: 

Sections of 4-µm thickness were cut from 

the blocks of formalin-fixed paraffin-embedded 

tissues, deparaffinized and rehydrated as usual. To 

reduce nonspecific background staining due to 

endogenous peroxidase, slides were incubated in 

H2O2 block for 15 min. Slides were microwaved in 

10 mmol/l of citric acid at pH 6.0 for antigen 

retrieval. After being rinsed with phosphate buffer 

solution (PBS), the sections were incubated with 
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anti-GLUT-4 primary antibody (1:100; Servicebio, 

USA) overnight at 4°C. A further wash in PBS 

was followed by treatment with peroxidase-labeled 

polymer conjugated to a secondary antibody for 30 

minutes at room temperature. The staining was 

visualized with diaminobenzidine chromogen, 

followed by counterstaining with Mayer’s 

hematoxylin. Normal cardiac muscles were used as 

GLUT-4 positive control. For negative control, the 

primary antibody was omitted for each run.  

 

Evaluation of immunohistochemical results: 

GLUT-4 immunoreactivity was evaluated 

semi-quantitatively in skeletal and adipose cells 

demonstrating distinct membranous and/or 

cytoplasmic staining. Immunoreactivity was 

assessed in at least 5 high-power fields at ×400 

magnification and was assessed as: 0% of cells 

positive (-, negative), <25% of cells positive (+, 

weakly positive), 25%–50% of cells positive (++, 

moderately positive), >50% of cells positive (+++, 

strongly positive). Negative and weakly positive 

were regarded as low expression, and moderately 

and strongly positive were regarded as high 

expression (26). 

 

Statistical analysis 

Data were processed using SPSS program 

V. 20. They were expressed as mean (M) and 

standard deviation (SD). Comparisons between 

groups were done using one-way analysis of 

variance (ANOVA) test followed by inter-group 

comparisons using Post hoc test. Statistical 

analysis of the immunohistochemical results was 

conducted using χ2 test. The results were 

considered as statistically significant if the p value 

was <0.05.  

Results: 

- Effect of DM and its treatment with MF 

and QC separately and in combination 

on plasma levels of glucose, insulin and 

Homeostatic Model Assessment for 

Insulin Resistance (HOMA-IR):- 

The induction of DM in group II caused 

significant elevation in plasma glucose, 

insulin levels and HOMA-IR as compared 

to control group (I). In group III (MF 

treated diabetic rats), a significant 

decrease in the previous parameters was 

detected (p < 0.05 for glucose and insulin 

and p < 0.001 for HOMA-IR) when 

compared to group II. In group IV, QC 

produced a similar effect on HOMA-IR (p 

< 0.001) as that of MF but caused more 

significant reduction  in the plasma 

glucose and insulin levels (p < 0.001) than 

that made by MF. Additionally, in group 

V, the combined use of MF and QC 

caused more significant decrease in all the 

parameters when compared to group II (p 

< 0.001) and approaching nearly the 

control levels when compared to group I 

(p > 0.05) (Table 1). 

- Effect of DM and its treatment with MF 

and QC separately and in combination 

on oxidative stress markers levels in the 

skeletal muscles.  

Comparing the results of group II with that 

of the control group revealed significant 

increase in TBARS level with significant 

decrease in SOD, CAT and GSH-Px 

antioxidant enzyme activities in the 

skeletal muscle. While, the use of MF in 

group III caused significant reduction in 



Effect of Quercetin and Metformin on type 2 DM                                                   75 

TBARS level with significant elevation of 

the antioxidant enzymes activities in 

skeletal muscles (p < 0.05) as compared to 

the diabetic rats. Also, QC administration 

in group IV produced more significant 

results when compared to group II (p < 

0.001). In addition, in group V, treatment 

of diabetic rats with both QC and MF 

resulted in more significant improvement 

(p < 0.001 compared with group II) in the 

oxidative stress markers with restoration 

of the antioxidant enzymes activities to 

near-control values (p > 0.05 when 

compared to control group) (Table 2). 

Table 1: Effect of DM and its treatment with MF and QC separately and in combination on plasma 

levels of glucose, insulin and HOMA-IR. 

Parameter Group I 

(Control) 

Group II 

(DM) 

Group III 

(DM+MF) 

Group IV 

(DM+QC) 

Group V 

(DM+ MF & 

QC) 

Fasting plasma 

glucose (mg/dl) 

81.4± 

8.93 

226.8 ± 

10.57* 

214.5 ± 10.30 
# 

132 ± 8.60 

**   

86.3 ± 6.50 **  
† 

Plasma Insulin 

(uIU/ml) 

4.89±0.85 16.82±0.93* 15.59±0.42 # 6.38±0.81 

** 

5.26±0.76 ** † 

HOMA-IR  1±0.04 9.42±1.9* 8.26±0.75 ** 2.08±0.8 ** 1.12±0.15 ** † 
       Data are expressed as mean±SD. DM= Diabetes Mellitus, MF= Metformin, QC= Quercetin 

               * p < 0.05 compared to group I.                                                    # p < 0.05 compared to group II.  

               **p < 0.001 compared to group II.                                                 † p > 0.05  compared to group I.    

 

Table 2: Effect of DM and its treatment with MF and QC separately and in combination on tissue levels 

of oxidative stress markers in the skeletal muscles. 

Parameter Group I 

(Control) 

Group II 

(DM) 

Group III 

(DM+MF) 

Group IV 

(DM+QC) 

Group V 

(DM+ MF & 

QC) 

TBARS 

(nmol/l/mg 

protein) 

1.54 ± 0.11 4.44 ± 

0.83* 

3.59 ± 0.65# 2.55 ± 

0.72** 

1.64 ± 0.10 ** 
† 

SOD  

(U/mg protein) 

6.32 ± 0.82 2.55 ± 

0.90* 

3.71 ± 0.92# 5.5 ± 0.84** 6.02 ± 0.74 ** 
† 

CAT   

(U/mg 

protein/min) 

1.53± 0.10 0.62 ± 

0.12* 

0.76 ± 0.10# 1.35 ± 

0.08** 

1.48 ± 0.12 ** 
† 

GSH-Px 

(U/mg 

protein/min) 

131± 10.30 76.2 ± 

7.90* 

85.5 ± 9.43# 101.35± 

9.50** 

127.3 ± 9.12 

** † 

                Data are expressed as mean±SD. DM= Diabetes Mellitus, MF= Metformin, QC= Quercetin                                                   

* p < 0.05 compared to group I.                                                       # p < 0.05 compared to group II.  

        **p < 0.001 compared to group II.                                                   † p > 0.05  compared to group I  

                                                                                                                                  

- Effect of DM and its treatment with MF 

and QC separately and in combination 

on IL-6 and TNF-α plasma levels.  

In group II, the diabetic rats showed 

significant elevation in IL-6 and TNF-α 

plasma levels as compared to the control 

group. In contrast, the treatment of 

diabetic rats with MF in group III caused 

significant reduction in the plasma level of 

these proinflammatory cytokines (p < 

0.05) as compared to the untreated diabetic 

rats. While, the use of QC in group IV 

resulted in more significant decrease in the 

plasma level of IL-6 and TNF-α (p < 
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0.001) when compared to group II. 

Moreover, the combined treatment with 

both QC and MF more significantly 

decreased the plasma level of IL-6 and 

TNF-α to near the control level (p < 0.001 

when compared to group II and p > 0.05 

when compared to group I) (Table 3). 

- Effect of DM and its treatment with MF 

and QC separately and in combination 

on GLUT-4 expression in skeletal 

muscles and adipose tissue: 

In group I (control group), there was a 

high GLUT-4 membranous and 

cytoplasmic expression in skeletal muscles 

and high membranous expression in 

adipose tissue cells  [100% of cases] 

(Figure 1 A & B), in contrary to group II 

(diabetic rats) in which the expression of 

GLUT-4 was low either in the cell 

membrane or cytoplasm in both skeletal 

and adipose tissue cells [100% of cases] 

(Figure 1 C & D). In group III and IV (MF 

and QC treated rats separately), the 

GLUT-4 expression was ranged from high 

expression in group III and IV [60% and 

70% of cases respectively] to low in 40% 

and 30% of cases respectively (Figure 

1E,F,G & H). While, in group V 

(combined MF and QC treated rats), most 

cases show high GLUT-4 expression in 

skeletal muscles and adipose tissue [90% 

of cases] (Figure 1 I & J). There was a 

strong significant statistical difference in 

GLUT-4 immunohistochemical expression 

between the five studied groups (p <0.001) 

(Table 4). 

 

Table 3: Effect of DM and its treatment with MF and QC separately and in combination on 

plasma        levels of proinflammatory cytokines (IL-6 and TNF-α). 

Parameter Group I 

(Control) 

Group II 

(DM) 

Group III 

(DM+MF) 

Group IV 

(DM+QC) 

Group V 

(DM+ MF & 

QC) 

IL-6 

(pg/ml) 

142.90 ± 

7.83 

234.5± 8.55* 221.60 ± 

10.78# 

166.5 ± 

8.84** 

144.13 ± 6.66** 
† 

TNF-α 

(pg/ml) 

68.80 ± 7.32 137.30 

±6.86* 

127.70± 8.76# 85.10 ± 

9.42** 

74.10± 8.63 ** † 

                Data are expressed as mean±SD.             DM= Diabetes Mellitus, MF= Metformin, QC= Quercetin                                                        

* p < 0.05 compared to group I.                                                         # p < 0.05 compared to group II.  

        **p < 0.001 compared to group II.                                                      † p > 0.05  compared to group I  

 

Table 4: Effect of DM and its treatment with MF and QC separately and in combination on 

glucose     transporter– 4 (GLUT-4) expression in skeletal muscles and adipose tissue. 

Groups GLUT-4 expression X2 P value 

Low  High  

Group I (Control) 0 (0%) 10(100%)  

 

26.562 

 

 

<0.001* 
Group II (DM) 10(100%) 0(0%) 

 Group III (DM+MF) 4 (40%) 6 (60%) 

Group IV (DM+QC) 3 (30%) 7 (70%) 

Group V 

(DM+MF+QC) 

1 (10%) 9 (90%) 

                DM= Diabetes Mellitus, MF= Metformin, QC= Quercetin 

                *Significant p < 0.05                                                        
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Figure 1: Group I showed high immunohistochemical expression of GLUT-4 in cell membrane and cytoplasm of skeletal muscles (A) 

and in cell membrane of adipose tissue (B) (x400). Group II showed negative and low expression of GLUT -4 in skeletal muscle (C) 

(x400) and low expression in adipose tissue (D) (x200). Group III showed high GLUT -4 expression in skeletal muscles (E) and 

adipose tissue (F)(x400). Group IV showed high immunohistochemical staining of GLUT -4 in skeletal muscles (G) and adipose tissue 

(H) (x400). Group V showed strong GLUT-4 immunohistochemical expression in skeletal muscles (I) and adipose tissue (J) (x400). 

 

DISCUSSION: 

Diabetes mellitus is a major health 

problem and the most prevalent endocrine disease 

that affects increasing numbers of people 

throughout the world (2). It is now known that 

defects in GLUT-4 expression and function (19) 

and an inflammatory milieu mediated by 

proinflammatory cytokines and oxidative stress 

result in both IR and β-cell dysfunction leading to 

chronic hyperglycemia and Type 2 DM (1). 

 

The aim of the present work was to study 

the effect of QC and MF on GLUT-4 expression in 

skeletal muscles and adiposed tissue, oxidative 

stress, inflammation markers and IR in T2DM. 

The results of the current study revealed 

that treatment of diabetic rats with either MF or 

QC produced significant reduction in plasma 

glucose, insulin levels and HOMA-IR in 

comparison to its significant increase in untreated 

diabetic rats. The effect of QC was more 

prominent than MF on plasma levels of glucose 

and insulin. Moreover, the combined treatment by 

MF and QC produced more significant 

improvement of the studied parameters. 

     In accordance with our results several studies 

proved the effect of MF on the same parameters 

(11,27,28,29). The hypoglycemic effect of MF 

could be explained by its ability to inhibit 

gluconeogenesis in the liver and facilitate glucose 

uptake and use by peripheral tissues (11). In the 

liver, MF stimulates adenosine monophosphate-

H I 

I 
J 
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activated protein Kinase (AMPK), increases 

AMP/ATP ratio as it inhibits the respiratory chain 

complex I in the mitochondria, inhibits glucagon 

receptor-cAMP signaling and fructose-1,6-

bisphosphatase with subsequent decrease in 

hepatic gluconeogenesis. Besides, MF decreases 

the conversion of lactate and glycerol to glucose 

through a redox change by decreasing the activity 

of glycerophosphate dehydrogenase in the 

mitochondria (27,28,29).  

Also, it was reported that AMPK 

modulates adipokine secretion, inhibits Acetyl Co 

A Carboxylase activity and suppresses steroid 

regulatory element binding protein 1 (SREPB 1) 

leading to increased fatty acid oxidation. The 

resultant decrease in lipotoxicity and glucotoxicity 

(by increasing glucose uptake in skeletal muscles) 

improves IR and hyperglycemia (30,31). 

 A previous study proved that lipid phosphatase 

Src homology inositol-5-phosphatase 2 (SHIP2) is 

upregulated in the muscle and adipose tissue of 

diabetic mice (32). This in turn reduces Akt/PKB 

(protein kinase B) activation leading to IR, 

inhibition of GLUT-4 translocation to the plasma 

membrane and decrease glucose uptake (33). It 

was shown that MF increases glucose uptake 

through inhibiting the activity of SHIP2 in the 

muscles and adipose tissue (34) and this could be 

another mechanism by which MF decreases the 

plasma glucose level observed in our study. 

Regarding the effects of QC on plasma 

glucose, insulin levels and HOMA-IR in the 

present work, a marked significant reduction was 

detected in QC treated diabetic rats. With 

agreement of our results, Arias et al. (35) reported 

that QC significantly decreased the elevated blood 

glucose levels, , insulin levels and HOMA-IR in 

diabetic rats. Also, Srinivasan et al. (36) proved 

that QC significantly reduce the blood and urine 

glucose levels in STZ-induced diabetic rats.  

The hypoglycemic effect of QC could be 

explained by its ability to improve insulin 

sensitivity (37), decrease the activity of  glycogen 

phosphorylase (increased in DM) and increase the 

activity of glycogen synthase (decreased in DM) 

(35), besides its effect in maintaining β-cells 

proliferation (38). Reduction of insulin level in QC 

treated diabetic rats may be due to increasing 

expression and phosphorylation of insulin 

receptors (IR) and glucose transporters (GLUTs) 

(39). Furthermore, QC markedly increased serum 

adiponectin levels and decreased serum TNF-α 

levels (40). All these changes will improve the 

plasma glucose level. The superior effect of QC 

over MF in reducing plasma glucose level could be 

attributed mainly to its effect on maintaining β-

cells mass, proliferation and function and 

increased serum insulin effect by reducing IR (41). 

The decrease of HOMA-IR with 

improvement of insulin sensitivity in QC treated 

diabetic rats which was found in our study may be 

related to the ability of QC to decrease the free 

fatty acids and lipids plasma level, increase 

intracellular cAMP and activate protein kinase A 

(PKA) (39).  

As regard the association between DM and 

oxidative stress, it was found that the induction of 

DM in group II produced significant elevation in 

TBARS level with significant decrease in SOD, 

CAT and GSH-Px antioxidant enzyme activities in 

skeletal muscles. While, treatment of diabetic rats 

with MF and QC in group III and IV caused 

reversal of these effects and QC produced more 

pronounced effects than MF. Interestingly, the 
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concomitant use of both MF and QC provoked 

more significant results approaching near the 

control levels. 

These results are in accordance with a 

previous study which stated that DM is associated 

with increased oxidative stress that constitutes one 

of the main factors responsible for the 

development of DM and its complications (42). 

The significant improvement in oxidative 

stress markers observed in our study could be 

explained by the ability of MF to decrease the 

production of free oxygen radicals by direct 

inhibition of the complex I chain (43) which is 

involved in inducing the production of IL-1 β 

through ROS. Thus, MF inhibited the production 

of IL-1 β (44). 

It was proved that the administration of 

MF in diabetic rats caused significant decrease in 

the malondialdehyde (MDA) concentration and 

significant improvement in the reduced activities 

of serum antioxidant enzymes as superoxide 

dismutase (SOD), catalase and glutathione (GSH) 

activity (45). Similarly, another study showed that 

MF with life style modification significantly 

improved the oxidative stress in diabetic patients 

and this was associated with significant reduction 

in body mass index (BMI), glycosylated 

hemoglobin (HBA1c) and TNF-α plasma levels 

(46). 

As regard the antioxidant effect of QC 

observed in group IV, our results are in accordance 

with Periera et al. (47) who reported that QC given 

to diabetic rats adjusted plasma lipid profiles, 

improved oxidative stress by decreasing lipid 

hydroperoxides synthesis and elevating the 

glutathione peroxidase enzyme activity. In 

addition, it was proved that QC is a powerful free 

radical scavenging with a strong antioxidant 

activity by increasing glutathione concentrations 

(48).  

The present study showed that there was 

reduced expression of GLUT-4 in the skeletal 

muscle and adipose tissue in diabetic rats. While, 

the treatment of diabetic rats with MF in group III 

and QC in group IV caused increased expression 

of GLUT-4 in both tissues with more significant 

results caused by QC. In group V, the combined 

use of both MF and QC caused stronger expression 

of GLUT-4 than that produced by each one alone. 

A previous study proved that MF 

increased glucose uptake in human adipocytes by 

increasing GLUT-4 mRNA expression and GLUT-

4 protein content in the plasma membrane (49). 

Also, Lee et al. (12) showed that MF influences 

translocation of glucose transporter-4 (GLUT-4) 

through its stimulatory effect on AMP-activated 

Protein Kinase (AMPK).    

With reference to QC effect on GLUT-4 

expression, it was shown that QC upregulated the 

levels of GLUT-4 mRNA and promoted the 

translocation of GLUT-4 to the cell membrane of 

adipocytes and skeletal muscle cells (50). This 

effect of increased GLUT-4 expression could be 

explained the ability of QC to stimulate AMPK 

(51). 

In relation to the proinflammatory 

cytokines in the present study, it was found that 

induction of diabetes in group II caused significant 

elevation in the plasma level of IL-6 and TNF-α 

proving the association of inflammatory process 

with T2DM. With respect to the use of MF in 

group III and QC in group IV to treat diabetic rats, 

a significant decrease in the plasma levels of these 

proinflammatory cytokines was detected in both 
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groups. It was clear that QC produced more 

significant results than MF. Eventually, the 

combined use of both MF and QC in group V 

produced marked significant effect (approaching 

control level) than the separate use of them. 

The results of our study are in accordance with Lee 

et al. (52) who proved that T2DM is associated 

with increased expression of both IL-6 and TNF-α 

and this leads to exacerbation of oxidative stress 

with the development of diabetic compliactions. 

Also, a previous study confirmed the association 

of increased level of proinflammatory cytokines; 

IL-6 and TNF-α with the development of T2DM 

(4). 

 

Previous studies reported that MF 

treatment of T2DM significantly decreased the 

levels of serum IL-6 and TNF-α of macrophages 

and induces the production of anti-inflammatory 

cytokines such as IL-4 and IL-10 (53,54). The 

effect of MF on these inflammatory cytokines with 

improvement of inflammation could be mediated 

through AMPK activation (27). 

Quercetin is an enduring anti-

inflammatory flavonoid that inhibits inflammatory 

intermediaries and decreased the plasma levels of 

TNF-α and IL-6 with improvement of the 

symptoms of diabetes (55,56). These results are 

similar to ours and indicate the improvement of the 

inflammatory process in T2DM by the use of QC.  

Ultimately, in group V, the highly 

significant improvement of all the tested 

parameters by the combined use of both QC and 

MF could be explained by their additive effects in 

increasing the expression of GLUT-4, improving 

the oxidative, inflammatory stress and insulin 

resistance in addition to the beneficial effect of 

quercetin in maintaining β-cells mass, proliferation 

and function. 

 

Conclusion: 

From the previous findings of this study, it 

was concluded that the combined use of QC and 

MF improved T2DM hyperglycemia and IR by 

increasing the expression of GLUT-4 in skeletal 

muscles and adipose tissue together with the 

reversal of the oxidative stress and inflammatory 

states. Therefore, it is recommended for type 2 

diabetic patients to use quercetin as a 

complementary treatment with metformin and eat 

quercetin rich food. 
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