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A B S T R A C T   

Purpose: This current study investigated the effect of metformin treatment on hepatic oxidative stress and 
inflammation associated with nonalcoholic fatty liver disease (NADLD) in high fat diet (HFD) fed rats. 
Method: Wistar rats were fed with a HFD or laboratory chow diet for 8 weeks. Metformin was administered orally 
at a dose of 200 mg/kg. Body weight, food and water intake were recorded on daily basis. Oral glucose tolerance 
test (OGTT), biochemical analysis and histological examinations were conducted on plasma and tissue samples. 
Antioxidant and anti-inflammatory mRNA expression was analyzed using reverse transcription polymeric chain 
reaction (RT-PCR). 
Results: Metformin treatment for 8 weeks prevented HFD-induced weight gain and decreased fat deposition in 
HFD fed rats. Biochemical analysis revealed that metformin treatment significantly attenuated nitro-oxidative 
stress markers malondialdehyde (MDA), advanced protein oxidation product (APOP), and excessive nitric 
oxide (NO) levels in the liver of HFD fed rats. Gene expression analysis demonestrated that metformin treatment 
was associated with an enhanced expression of antioxidant genes such as Nrf-2, HO-1, SOD and catalase in liver 
of HFD fed rats. Metformin treatment also found to modulate the expression of fat metabolizing and anti- 
inflammatory genes including PPAR–γ, C/EBP-α, SREBP1c, FAS, AMPK and GLUT-4. Consistent with the 
biochemical and gene expression data, the histopathological examination unveiled that metformin treatment 
attenuated inflammatory cells infiltration, steatosis, hepatocyte necrosis, collagen deposition, and fibrosis in the 
liver of HFD fed rats. 
Conclusion: In conclusion, this study suggests that metformin might be effective in the prevention and treatment 
of HFD-induced steatosis by reducing hepatic oxidative stress and inflammation in the liver.   

1. Introduction 

Non-alcoholic fatty liver disease (NAFLD) is the most common cause 

of chronic liver disease, affecting about 25% of the population world-
wide [1]. While the exact cause of NAFLD is not fully understood, The 
development of NAFLD may linked to the consumption of high sugar 
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and/or high fat containing foods, lack of physical activity and genetic 
factors [2,3], which may eventually lead to more aggressive form of 
non-alcoholic steatohepatitis (NASH), to end-stage liver disease, liver 
cirrhosis and death [4,5]. NAFLD development is also linked to the 
progression of hyperlipidaemia and insulin resistance [6,7]. Oxidative 
stress and inflammation are the two most frequently observed patho-
logical events associated with the development of NAFLD [6,8]. An 
earlier study showed that high fat diet (HFD)-induced fatty liver has 
increased oxidative stress markers and decreased endogenous antioxi-
dant enzymes, elevated inflammatory cells infiltration and elevated 
myeloperoxidase activity [9], which are consistent with the symptoms 
of NAFLD. Despite some advances in our understanding about the 
pathogenesis of NAFLD, there is currently no FDA-approved treatment 
for NAFLD. Lifestyle modifications are often recommended for the 
management of this disease, which failed to produce the desired out-
comes. A prospective study showed that weight loss of ≥10%, caused a 
significant reduction of fibrosis and NASH in affected individuals [10]. 
However, only a small percentage of patients were able to achieve such 
weight loss goal, indicating a critical need for the development of novel 
pharmacological treatments beyond just lifestyle modifications [11]. 

Given the clinical presentation of NAFLD, a few recent studies 
investigated the efficacy of metformin for the treatment of NAFLD, but 
produced contrasting findings [2,12]. A recent sytemetic review of 
several randomized controlled trials on hypoglycemic agents including 
metformin showed small benefit in the treatment of NAFLD [13]. 
However, mentformin treatment did not produce clinically significant 
out come to prevent or treat liver fibrosis [13]. As one of the most widely 
prescribed biguanide for the management of type 2 diabetes mellitus 
(T2DM), metformin works by decreasing glucose absorption from in-
testine, improving cellular glucose utilization, lowering blood glucose 
concentrations, reducing fasting plasma insulin levels and decreasing 
insulin resistance. Metformin is also known to improve lipid metabolism 
by activating AMP-activated protein kinase (AMPK), an important 
regulator of energy metabolism. Metformin in general has been shown to 
alleviate oxidative stress [14,15] and inflammation [16], which are 
believed to be responsible for the anti-aging, cardiovascular and neu-
roprotective effects. In diabetic patients, metformin was reported to 
prevent oxidative stress partially by restoring antioxidant enzymes [17]. 
Recent investigations suggest that metformin is effective in reversing in 
HFD-induced metabolic dysfunction in animal models. Metformin 
treatment reduces weight gain in HFD fed mice [18] the reduction of 
body weight gain by metformin treatment is explained by the reduction 
of visceral fat deposition and improved energy expanditure in human 
and animals [19]. Metformin treatment has been shown to improve 
hepatic steatosis and inflammation in HFD fed C57BL/6J mice [20]. 
Another report suggests that metformin may prevent ischemia 
reperfusion-induced oxidative stress in fatty liver of HFD fed rats [21]. 
Along with a variety of beneficial effects, metformin treatment in HFD 
fed rats has been shown to improve insulin resistance [22]. 

However, the ameliorative effect of metformin in the prevention of 
hepatic damage due to lipid accumulation and oxidative stress in HFD 
induced steatosis remained unclear. Moreover, the prevention of stea-
tosis and fibrosis development in the liver of HFD fed animals by met-
formin needs to be addressed properly. Considering the above facts, the 
present study was designed and conducted to observe the effectiveness 
of metformin treatment in the prevention of hepatic oxidative stress, 
fibrosis and steatosis development in HFD fed rats. 

2. Materials and methods 

2.1. Chemicals 

Beef tallow for preparing high fat diet, was purchased from Dhaka 
New Market, Bangladesh. The kits for assaying alanine aminotransferase 
(ALT), alkaline phosphatase (ALP), triglyceride, total cholesterol, low 
density lipoprotein (LDL) and high density lipoprotein (HDL) were 

purchased from DCI diagnostics (Budapest, Hungary). Thiobarbituric 
acid (TBA) was purchased from Sigma Aldrich (St. Louis, MO, USA) and 
metformin was a gift sample from Eskayef Pharmaceuticals Limited, 
Bangladesh. All other reagents used in this study were of analytical 
grade, collected from reagents store of Department of Pharmaceutical 
Sciences, North South University. 

3. Animals and treatment protocols 

All experiments involving animals were conducted following pro-
tocols that were previously examined and approved by the Institutional 
Animal Care and Use Committee (IACUC) of the North South University, 
Dhaka, Bangladesh (AEC-004-2017). Animals were treated in accor-
dance with the Guide for the Care and Use of Laboratory Animals (8th 
edition, National Academies Press). Twenty four Wistar male rats, 
ranging from 10 to 12 weeks of age and weighing between 185 and 220 
g, were obtained from the Animal House of the Department of Phar-
maceutical Sciences, North South University, Dhaka, Bangladesh for this 
study. Animals were caged (one animal in each cage) in a controlled 
room environment, with a temperature 22 ± 2 ◦C; 55%, humidity and 
maintained a 12-h light/dark cycles. 

For the experiment, rats were randomly categorized into four 
experimental groups consisting of six rats in each group. The composi-
tion of standard chow diet and high fat diet used in this study was ob-
tained from our previously published work (Supplement Table 1). Group 
I animals received standard chow diet containing 14% proteins, 57% 
carbohydrates and 13.5% fat, and served as the control (Control). Group 
III rats received standard chow diet and metformin at 200 mg/kg dose 
daily by oral gavage for 8 weeks (Control + MET). Group II animals 
received high fat diet (HFD) containing 14% proteins, 37% carbohy-
drates and 48% fat, whereas, rats of group IV were given both HFD and 
metformin at 200 mg/kg every day by oral gavage for 8 weeks (HF +
MET). All animals were allowed to drink water ad libitum. Oral glucose 
tolerance test (OGTT) was done on all groups of animals before the start 
of the study and at the end of the study to assess the glucose clearance 
from the blood due to the feeding of HFD in rats. The body weight, food 
and water intake data were noted on daily basis. 

3.1. Euthanasia and tissue harvesting 

At the end of the treatment protocol, animals were euthanized by 
intraperitoneal injection of pentobarbital (65 mg/kg) injection. Blood 
was collected into heparinized tubes. Blood samples were centrifuged at 
7000 g for 15 min at 4 ◦C within 30 min of collection to separate plasma. 
Plasma samples which were then stored at − 20 ◦C for further analysis. 
Heart, kidney, spleen, and liver were surgically removed and weighed 
immediately, stored and preserved for biochemical and microscopic 
analyses. Adipose tissues in various regions such as peritoneal, epidid-
ymal and mesenteric fat pads were also surgically removed and weighed 

Table 1 
Effect of metformin on body weight, food and water intake in HFD fed rats.  

Parameters Control HF Control +
Met 

HF + Met 

Initial body 
weight (g) 

192.77 ±
7.30ns 

181.85 ±
2.42 

180.07 ±
3.01 

170.55 ±
2.17 

Final Body 
Weight (g) 

243.72 ±
6.67 

307.90 ±
3.58** 

245.52 ±
2.57 

237.33 ±
6.84 

Food intake (g) 17.60 ±
0.19ns 

14.95 ± 0.33 20.74 ±
0.10 

15.08 ±
0.16 

Water intake 
(mL) 

23.96 ±
0.37ns 

21.11 ± 0.19 21.00 ±
0.73 

20.09 ±
0.20 

Data are presented as mean ± SEM, N = 6. Statistical analysis was done by One 
way ANOVA followed by Tukey post hoc test. Statistical significance was 
considered at p < 0.05 in all cases. ** is significantly different from control and 
other groups. 
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immediately. For histological analysis, the organs were preserved in 
neutral buffered formalin (NBF) (pH 7.4) after collection. All other parts 
of organ samples were also stored in − 20 ◦C freezer for further analysis. 

3.2. Oral glucose tolerance test 

Oral glucose tolerance test (OGTT) was performed before and after 
starting of HFD feeding following procedures described earlier [9]. Rats 
were placed on overnight fasting (~12 h) before the test. However, all 
animals had access to pure drinking water during the food deprivation 
period. Blood was drawn from tail vein to measure basal blood glucose 
concentrations using glucometer (Bionim Corporation, Bedford, MA, 
USA). The rats were given 2 g/kg body weight glucose as a 40% aqueous 
solution via oral gavage. Tail vein blood samples were withdrawn at 30, 
60, 90 and 120 min following glucose administration and glucose con-
centrations recorded using a glucometer. 

3.3. Assessment of liver function marker 

Liver function marker enzymes such as alanine aminotransferase 
(ALT) and alkaline phosphatase (ALP) activities were assessed in plasma 
by using commercially available kits, following the manufacturer’s 
protocol. 

3.4. Measurement of plasma cholesterol and triglyceride levels 

The plasma levels of cholesterol, LDL and triglyceride were estimated 
by using the cholesterol, LDL and triglyceride assay kits. Assays were 
performed following the instructions given by the manufacturer. 

3.5. Determination of oxidative stress markers 

Liver was homogenized by adding phosphate buffer (pH 7.4) and the 
homogenate mixture was centrifuged at 7000 g for 15 min at 4 ◦C to 
isolate the supernatant, which was stored at − 20 ◦C for further analysis. 
Supernatants were also used to measure oxidative stress markers in liver 
tissue. 

3.6. Estimation of lipid peroxidation 

One of the indicators of lipid peroxidation and oxidative stress is the 
presence of thiobarbituric acid reactive substances (TBARS) in plasma. 
Lipid peroxidation in plasma and liver tissue was measured colorimet-
rically by determining thiobarbituric acid reactive substances (TBARS) 
as described earlier [23]. Briefly, two mL of (1:1:1 ratio) 
TBA-concentrated acetic acid-HCl reagent was added in 0.1 mL of liver 
tissue homogenate or plasma and kept in water bath for 15 min and 
allowed to cool down. The absorbance of clear supernatant was read in 
ELISA plate reader against reference blank at 535 nm. 

3.7. Assay of nitric oxide (NO) 

NO levels in plasma and liver tissue homogenates were measured 
using modified Griess-Illosvoy reagents as described earlier [24,25]. A 
pink colour chromophore was formed when the reaction mixture con-
taining plasma or tissue homogenates, PBS and the reagent was incu-
bated for 150 min at 25 ◦C. The absorbance was taken against a 
corresponding blank solution at 540 nm. NO levels were measured and 
stated as nmol/mL or nmol/g of tissue using a standard curve. 

3.8. Advanced protein oxidation products (APOP) assay 

A previously described method [26,27] was modified and used to 
measure the level of advanced protein oxidation products (APOP). In 
brief, 2 mL of plasma was diluted in PBS at 1:5 ratio and then 0.1 mL of 
1.16 M potassium iodide was added in each tube. After 2 min, 0.2 mL 

acetic acid was added. Absorbance reading of the reaction mixture was 
immediately taken at 340 nm after reading a blank containing 2 mL of 
PBS, 0.1 mL of KI, and 0.2 mL of acetic acid. The chloramines -T 
absorbance at 340 nm is linear within the range of 0–100 mmol/L. APOP 
concentrations were expressed as μmol⋅L− 1 chloramine -T equivalents. 

3.9. Catalase (CAT) activity assay 

CAT activities in plasma and liver tissue homogenates were analyzed 
following previously described protocols [25,28]. Absorbance changes 
were measured at 240 nm for the reaction mixture containing 50 mmoL 
phosphate buffer (pH 5.0), 5.9 mmol hydrogen peroxide, and 0.1 mL 
enzyme extract. An absorbance change of 0.01 units/min was inter-
preted as one unit of CAT activity. 

3.10. Estimation of superoxide dismutase (SOD) activity 

SOD activity in the plasma and liver tissue homogenates was deter-
mined following previously described methods [25,29]. Reaction 
mixture containing enzymes were prepared and absorbance read at 480 
nm for 1 min at 15 s intervals. A blank solution without tissue homog-
enates was run in parallel. Auto-oxidation of epinephrine present in the 
assay system was calculated and 50% inhibition is defined as the one 
unit of SOD enzyme activity. 

3.11. Gene expression analysis by quantitative real-time PCR 

mRNA was isolated and purified from the liver of all four groups of 
rats by GeneJET RNA Purification Kit (Thermo-Fisher Scientific, Wal-
tham, MA, USA). After measurement of concentration by NanoDrop 
2000 spectrophotometer (Bio-Rad, California, USA), mRNA was used for 
the synthesis of cDNA using RevertAid First Strand cDNA Synthesis Kit 
(Thermo-Fisher Scientific, USA) by T100 Thermal Cycler (Bio-Rad, 
USA). This cDNA and enzymes using Maxima SYBR Green qPCR master 
mix (Thermo Scientific, USA) were used for the quantification of mRNA 
levels of oxidative stress and inflammation-related factors. The process 
was carried out in a CFX96C1000 Touch Real-Time PCR Detection 
System (Bio-Rad, USA) and data were analyzed by CFX Manager TM 
Software (CFX Manager TM Software) according to the manufacturer’s 
protocol. Quantitative real-time PCR was conducted and according to a 
program followed by Khan et al. [30], using forward and reverse primers 
designed by Primer 3 online software (Supplement Table 2). The mRNA 
levels for each of the target genes were measured in relative to the 
mRNA level of β-actin of the corresponding sample. 

3.12. Histopathological examination 

Neutral buffered formalin (NBF) was used to fix the liver and intes-
tinal tissues and then embedded in paraffin block. Paraffin-embedded 
tissues were sectioned at 5 μm thickness using a rotary microtome and 
slices were stained with hematoxylin-eosin (H&E) to examine the 
structural features of hepatic tissue and inflammatory cells infiltration. 
Grading of steatosis was also performed in each group of animals ac-
cording to a previously published protocol [31]. The grading score was 
considered as steatosis (<5% = 0; 5–33% = 1; 33–66% = 2; >66% = 3); 
lobular inflammation (none = 0; 2 foci = 1; 2–4 foci = 2; >4 foci = 3); 
and hepatocellular ballooning (none = 0; few = 1; prominent = 2). All 
features were scored in a blinded manner in at least three rats from each 
group and five fields of view in each sample. 

The number of rats selected for histological staining as n = 3, is based 
on the power analysis (using GPower software, version 3.1) for mini-
mum samples required for statistical significance. Picrosirius red was 
used to stain the liver tissue sections to analyse the presence and extent 
of fibrosis. Moreover, Periodic Acid Schiff (PAS) staining was performed 
on intestinal sections to evaluate the mucus producing goblet cells. 
Percentage of fibrosis was estimated using Image-J free software 
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(downloaded from NIH website, USA) [32]. Tissues were also stained 
with Prussian blue staining to examine free iron deposition in them [25, 
32]. The stained sections were visualized and photographed at either 
10× or 40× magnifications using a light microscope (Zeiss Axioscope), 
and images were processed for further analyses. 

3.13. Statistical analysis 

For the statistical analysis of data, Graph Pad Prism software (version 
6.0) was used. Mean ± standard error of mean (SEM) was used to express 
all data. For the comparison of data, One way ANOVA along with Tukey 
post hoc test was used. Comparisons were made between Control vs HF 
groups and HF vs HF + MET and Control + MET groups. In all cases, p <
0.05 was considered statistically significant. 

4. Results 

4.1. Metformin inhibits weight gain in rats induced by HFD 

Body weight, food and water intake of the animals were noted daily 
during the course of the experiment (Table 1). Differences between the 
initial and final body weights are presented in Table- 1. Data showed 
that HFD fed rats exhibited a striking ~41% body weight gain compared 
to control which had ~20% weight gain. Importantly, metformin 
treatment reduced such weight gain in HFD fed rats to ~28%, which is 
almost similar to the weight gain for control rats (~26%) receiving 
metformin. This result indicates that metformin at 200 mg/kg dose 
suppresses HFD-associated weight gain in rats (Table 2). 

Food and water intake behavior was also observed during the 56-day 

period of treatment. We found that food and water intake were similar 
across the four different groups of animals throughout the experimental 
period (Table 2). This data suggest that the diet composition or met-
formin treatment did not alter food and water consumption in the 
experimental animals that could potentially account for body weight 
gain and other pathophysiological changes. 

4.2. Metformin inhibits HFD-induced hepatic, retroperitoneal, mesenteric 
and epididymal fat deposition 

The wet weights of liver are presented in Fig. 1A. Our data showed 
that there is a significant increase (p < 0.05) in liver weight in HFD fed 
rats compared to control rats and metformin treatment decreased such 
inreases in liver weight in HFD fed rats. Metformin administration in 
control animals caused a slight reduction in liver weight (Contol + MET) 
(Fig. 1A). 

Next, we measured the weight of retroperitoneal, mesenteric and 
epididymal fat deposition in all groups of experimental animals. 
Consistent with our previous findings, weight of retroperitoneal, 
mesenteric and epididymal fat pads was markedly increased in HFD fed 
rats compared to the control rats (p < 0.05) (Fig. 1B–1D). In addition, 
metformin treatment markedly decreased the wet weight of peritoneal 
and epididymal fat in HF + MET group compared to HFD fed rats 
(Fig. 1B and C). Moreover, there was significant difference in mesenteric 
fat deposition between the HF + MET rats and the HFD fed rats (Fig. 1D). 
The wet weight of these three different fat pads was significantly (p <
0.05) reduced in control + MET rats compared to the HFD fed rats 
(Fig. 1B–1D). On the contrary, there was no significant difference in fat 
deposition between the Control + MET and Control rats (Fig. 1B–1D). 

Fig. 1. Effect of metformin on liver wet weights in HFD fed rats (A) and accumulations of fat in (B) peritoneal, (C) epididymal and (D) mesenteric area. Data are 
presented as mean ± SEM, n = 6. One-way ANOVA followed by Tukey post hoc test was done for statistical comparison. Values are considered significant at p < 0.05. 
* is significant at p < 0.05 and ** is significant at p < 0.001. 
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Collectively, our data suggest that metformin reduces fat deposition in 
HFD fed rats. 

4.3. Metformin ameliorates impaired glucose metabolism in HFD fed rats 

Since NAFLD is related with reduced blood glucose removal and 
insulin resistance [6,7], we performed oral glucose tolerance test 
(OGTT) to evaluate glucose metabolism of the rats under different 
experimental conditions as shown in Fig. 2. At the beginning of the 
experiment, blood glucose concentrations were similar among the four 
groups of rats (Fig. 2A). However, at the end of the experimental period, 
control rats showed blood glucose level of ~8 mmol/L at 60 min and 
which reduced to a basal level of ~5 mmol/L at 120 min, indicating 
normal glucose utilization. In contrast, in HFD fed obese rats, the blood 
glucose level reached a peak of~10 mmol/L after 60 min and remained 
at a higher level ~8 mmol/L at 120 min (Fig. 2B), suggesting an 
impaired glucose metabolism. As expected, a significant drop in blood 
glucose level, which is 5 mmol/L at 120 min, was observed in HFD fed 
rats treated with metformin compared to the blood glucose level in 
control rats at 120 min (Fig. 2B). 

Moreover, the area under the curve (AUC) for the OGTT before the 
initiation of the study exhibited no significant changes among the 
groups (Fig. 2C). However, the AUC for OGTT at the end of the treatment 
period, showed that HFD feeding increased AUC in rats compared to 
control rats significantly (p < 0.05) (Fig. 2C). Metformin treatment 
normalized the AUC value in HFD fed rats significantly (p < 0.05) 

(Fig. 2C). Taken together, our data indicated that metformin treatment 
in HFD fed rats maintained normal physiological glucose metabolism 
that was compromised in HFD fed rats. 

4.4. Metformin suppresses HFD-induced elevation of liver function 
markers in the plasma 

Next, we examined the efficacy of metformin in reducing obesity- 
induced oxidative damage to the liver by measuring ALT, AST and 
ALP enzymes and found that their levels were elevated in the plasma, 
presumably because of the liver injury caused by oxidative stress [9,25]. 
Feeding of HFD in rats markedly elevated the levels of ALT, AST and ALP 
enzymes in plasma (Fig. 3) compared to controls (Fig. 3A–C). As antic-
ipated, treatment with metformin significantly (p < 0.05) attenuated 
HFD associated elevation of plasma AST, ALT and ALP activities. These 
data revealed that oxidative damage in liver was caused by HFD, and 
metformin is effective in reversing such HFD induced oxidative damage 
and may provide protection to the liver. 

4.5. Metformin reduces triglyceride, total cholesterol and LDL 
concentrations in HFD fed rats 

After establishing beneficial effects of metformin in preventing HFD 
induced fat deposition and obesity, we set out to examine the effect of 
metformin on the levels of circulating lipids in the blood such as tri-
glyceride, total cholesterol, LDL and HDL. Our results revealed that HFD 

Fig. 2. Effect of metformin on oral glucose tolerance test (OGTT) before (A) and after (B) the treatment in HFD fed rats. C and D are AUC data for OGTT test 
respectively. Data are presented as mean ± SEM, n = 6. One-way ANOVA followed by Tukey post hoc test was done for statistical comparison. Values are considered 
significant at p < 0.05. * is significant at p < 0.05 and ** is significant at p < 0.001. 
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caused a significant elevation of plasma levels of harmful lipids such as 
triglyceride, total cholesterol and LDL in HFD fed rats compared to the 
control rats (p < 0.05) (Fig. 4). Metformin treatment prevented the rise 
of triglyceride and total cholesterol concentrations (p < 0.05) in HFD fed 
rats. However, Metformin treatment did not alter the LDL and HDL 
concentration significantly in HFD fed rats compared to HFD rats 
(Fig. 4D). Collectively, these results suggest that metformin not only 
reduced the retroperitoneal, mesenteric and epididymal fats deposition 
but also decreased the levels of harmful circulating lipids. 

4.6. Metformin modulates the expression of adipogenesis and 
inflammation related genes in liver of HFD fed rats 

Increasing fat metabolism is a way of clearing excess fat deposits in 
the liver. Our RT-PCR data showed that HFD feeding in rats up-regulated 
peroxisome proliferator-activated receptor gamma (PPARγ) and 
CCAAT-enhancer-binding protein alpha (C/EBPα) expression in liver 
tissues significantly (P > 0.05) compared to control rats (Fig. 5). Met-
formin treatment in HFD fed rats prevented the augmentation of PPARγ 
mRNA level, but the mRNA level of C/EBPα was not normalized by 
metformin treatment in HFD fed rats (Fig. 5). Moreover, HFD fed rats 
showed increased SREBP1c and FAS mRNA expression in the liver 
(Fig. 5). Metformin treatment in HFD fed rats normalized the SREBP1c 

Fig. 3. Effect of metformin on liver function markers such as AST (A), ALT (B) and ALP (C) activities in plasma of HFD fed rats. Data are presented as mean ± SEM, 
n = 6. One-way ANOVA followed by Tukey post hoc test was done for statistical comparison. Values are considered significant at p < 0.05 and marked as 
asterisk mark. 

Fig. 4. Effect of metformin on triglyceride (A), total cholesterol (B), LDL (C) and HDL (D) level in plasma of HFD fed rats. Data are presented as mean ± SEM, n = 6. 
One-way ANOVA followed by Tukey post hoc test was done for statistical comparison. Values are considered significant at p < 0.05 and marked as asterisk mark. 
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and FAS mRNA expression in liver (Fig. 5). 
HFD fed rats also showed decreased mRNA level of AMPK and GLUT- 

4 in liver compared to control rats (Fig. 5). Metformin treatment 
elevated the AMPK and GLUT-4 mRNA expression to near normal in 
HFD fed rats (Fig. 5); which may explain the cholesterol lowering and 
improvement of glucose tolerance effects in HFD fed rats. 

4.7. Metformin treatment improves oxidative stress markers in HFD fed 
rats 

Since, metformin treatment reduced the high fat-related oxidative 
damage to the liver and prevented mobilization of liver function en-
zymes into blood; we next measured oxidative stress markers such as 
MDA and NO in the plasma and liver. Our data demonstrated that MDA 
and NO levels markedly increased in HFD fed rats compared to control 
rats (Fig. 6). Plasma levels of these oxidative stress markers are corre-
lating well with their levels in the liver as well (Fig. 6). Metformin 
treatment reduced the MDA and NO levels in the plasma as well as in the 
liver tissue homogenates in HFD fed rats (p < 0.05) (Fig. 6). However, 
there was no significant difference in MDA levels between the control +
MET and control rats (Fig. 6). 

Next, we measured the advanced protein oxidation products (APOP) 
in the plasma and liver. As expected, APOP level was significantly (p <
0.05) elevated in HFD fed rats compared to control rats (Fig. 6). Treat-
ment with metformin significantly (p < 0.05) decreased the APOP 
concentrations in HFD fed rats compared to the HFD fed rats (Fig. 6). 
However, Control + MET rats did not show any significant changes in 
APOP concentrations compared to control rats (Fig. 6). In summary, our 
data suggest that metformin possesses in-vivo antioxidant action that 
may prevent harmful effects of free radicals and reactive oxygen species 

in liver. 

4.8. Metformin restores catalase and superoxide dismutase (SOD) levels 
in HFD fed rats 

Oxidative stress and tissue injury are often linked to elevated pro-
duction of reactive oxygen species and/or reduced expression of 
endogenous antioxidant enzymes such as catalase and SOD [33]. Met-
formin reduced the levels of oxidative stress markers and tissue injuries. 
Therefore, we next examined, whether metformin could restore 
endogenous antoxidant enzymes, namely catalase and SOD activities. 
This study showed that catalase activities in the plasma and liver were 
significantly (p < 0.05) lowered in HFD fed rats compared to the control 
rats (Fig. 7A and B). Metformin treatment restored catalase activity in 
liver of HFD fed rats significantly (p < 0.05) (Fig. 7B). However, met-
formin treatment caused a slight rise in plasma catalase activity 
compared to the HFD rats which was not restored the catalase activity 
significantly (Fig. 7A). 

Moreover, SOD activity in both plasma and liver of HFD fed rats was 
also found to be markedly decreased (p < 0.05) compared to the control 
rats (Fig. 7C and D). Consistent with previous findings, SOD activity was 
also restored in plasma of HFD fed rats treated with metformin signifi-
cantly (p < 0.05) (Fig. 7C). 

HFD fed rats also showed increased myeloperoxidase (MPO) activity 
in liver compared to control rats; which is a sign of neutrophil infiltra-
tion (Fig. 7E). Metformin treatment ameliorated the MPO activity in 
liver of HFD fed rats (Fig. 7E). However, metformin treatment did not 
alter the MPO activity in Control + Met rats compared to control rats 
(Fig. 7E). 

Fig. 5. Effect of metformin on fat metabolizing genes such as PPAR-γ (A), C/EBP-α (B), SREBP1c (C), FAS (D), AMPK (E) and GLUT-4 (F) expression in liver of HFD 
fed rats. Data are presented as mean ± SD, n = 6. One-way ANOVA followed by Tukey post hoc test was done for statistical comparison. Values are considered 
significant at p < 0.05 and marked as asterisk mark. 
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4.9. Metformin augmented antioxidant gene expression in liver of HFD 
fed rats 

HFD fed rats showed decreased antioxidant enzymes activities which 
may have contributed to the increased oxidative stress in the liver. Such 
reduction of antioxidant defence might be due to a reduction of genes 
and proteins required for the neutralization of free radicles in tissues. 
Nrf-2 is a master regulator of oxidative stress in tissues. Nrf-2 mRNA 
expression was lowered in the liver of HFD fed rats which was restored 
by metformin treatment (Fig. 8). In line with this finding, mRNA levels 
of two downstream proteins directly linked to Nrf-2, is HO-1 and HO-2, 
were also reduced in HFD fed rats (Fig. 8). Metformin treatment restored 
the mRNA levels of both isoforms of HO enzymes in the liver of HFD fed 
rats (Fig. 8). Additionally, this study also revealed that metformin 
treatment rescued the transcript levels of SOD, catalase and GPx en-
zymes significantly (p < 0.05), which were also lowered in liver of HFD 
fed rats (Fig. 8). 

4.10. Metformin ameliorates fat deposition and inflammation in the liver 
of HFD fed rats 

To further confirm the role of metformin in lessening tissue inflam-
mation, we next assessed the effects of metformin treatment on the 
penetration of inflammatory cells and necrosis in liver by Hematoxylin 
and Eosin staining. We found that the liver sections of control rats 
showed normal histoarchitecture (Fig. 9A). However, liver sections from 
HFD fed rats exhibited marked inflammatory cells infiltration and 
necrotic changes as well as fat deposits (Fig. 9B, E). These features 
appear to recapitulate the pathological alterations seen in the liver 
during the development of NAFLD. 

As anticipated, metformin treatment attenuated liver damage in HF 
+ MET rats as evidenced by a reduction in necrosis and inflammatory 
cell infiltration in the liver compared to HFD fed rats (Fig. 9D). More-
over, steatosis score also increased significantly (p < 0.05) in HFD fed 
rats compared to control rats (Fig. 9F), and metformin treatment 
reversed the increased steatosis score in HF + MET rats (Fig. 9F). 

4.11. Metformin ameliorates collagen deposition and fibrosis in the liver 
of HFD fed rats 

Collagen deposition and alignments in liver sections from our 
experimental rats were done using Picrosirius red staining. HFD fed rats 
showed a dramatic increase in collagen and fibrosis in liver (Fig. 10), an 
effect that was reversed by metformin treatment in HF + MET group 
(Fig. 10D). Altogether, our data indicated that metformin treatment 
decreased the infiltration of inflammatory cells, excessive collagen 
deposition and fibrosis in the liver, that are hallmark symptoms of 
NAFLD. 

4.12. Metformin treatment restored the goblet cell population in the HFD 
fed rats 

This investigation revealed that HFD fed rats showed fewer number 
of mucus-secreting goblet cells in the small intestine compared to the 
control rats (Fig. 11). Metformin treatment in HFD fed rats restored the 
goblet cells population in the small intestine, which are the mucus 
secreting cells in the intestine (Fig. 11). Metformin treatment did not 
alter the goblet cells population in control + Met rats (Fig. 11). 

Fig. 6. Effect of metformin on oxidative stress markers such as MDA (A, B), NO (C, D) and APOP (E, F) in plasma and liver of HFD fed rats. Data are presented as 
mean ± SEM, n = 6. One-way ANOVA followed by Tukey post hoc test was done for statistical comparison. Values are considered significant at p < 0.05 and marked 
as asterisk mark. * is significant at p < 0.05 and ** is significant at p < 0.001. 
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4.13. Metformin improves NAFLD-like ferritin deposition in the liver of 
HFD fed rats 

Prussian blue staining showed free iron deposition in the liver. The 
deposition of ferric ion was not visible in the liver of control rats and 
Control + MET rats (Supplemental Figs. 1A–B). In contrast, excessive 
ferric ion deposition was observed in the liver of HFD fed rats compared 
to the controls (Supplemental Fig. 1C). As expected, ferric ion deposition 
was significantly diminished in the HFD fed rats treated with metformin 
compared to those on HFD fed rats (Supplemental Figs. 1C–D). 

5. Discussion 

The liver is the most enzyme-rich and metabolically active organ of 
our body and hence performs a wide range of physiological and 
biochemical functions which are vital for metabolic homeostasis in the 
body. Consumption of HFD has been reported to cause weight gain and 
obesity as well as induce oxidative stress, abnormalities of lipid meta-
bolism, chronic inflammation and fatty liver disease [32]. HFD-induced 
obesity in animal models has been extensively characterized and pop-
ular among the researchers, because, the biochemical and pathological 
changes as well as the clinical manifestations resemble human obesity 
and associated complications [9]. In the current study, we showed that 
consumption of HFD leads to many biochemical and histological 
changes such as oxidative stress, impaired glucose metabolism, the 
progression of inflammation in hepatic tissue, non-alcohoic fatty liver 
disease (NAFLD), and caused significant weight gain in rats. Metformin 
treatment significantly ameliorated such pathological changes through 

its antioxidant and anti-inflammatory actions. Moreover, metformin 
also prevented the onset and exacerbation of NAFLD which would 
otherwise progress to liver failure. 

According to the previous studies, HFD enriched by saturated fatty 
acids, are responsible for insulin resistance and impaired glucose utili-
zation [34,35]. In this study, the HFD contains beef tallow as a source of 
saturated fatty acid. Previous report suggests that saturated fatty acids, 
found in butter, cheese, and meat promote the accumulation of lipid in 
skeletal muscles and may induce insulin resistance [36]. Palmitate, a 
saturated fatty acid, also promotes the secretion of cytokines such as 
TNFα and IL-6, which may cause insulin resistance and glucose intol-
erance [37,38]. In addition, de novo fatty acid synthesis from glucose, 
may also induce the deposition of free fatty acid in the liver and lead to 
insulin resistance [36]. 

Our data demonestrated that, HFD fed rats developed glucose 
intolerance and showed a relatively high blood glucose levels. Our study 
also confirmed that, metformin treatment improved glucose intolerance 
and reduced oxidative stress in the liver. Metformin is a hypoglycaemic 
drug, primarily used for reducing blood glucose levels in diabetic pa-
tients. Thus, our data is also in agreement with previous studies that 
reported that metformin treatment increased the insulin receptor 
sensitivity and glucose utilization in skeletal muscles and adipose tissues 
[18,22]. Additionally, the administration of metformin in HFD fed rats 
alleviated insulin resistance with simultaneous augmentation of the in-
sulin signaling cascade in the hepatocytes [22]. Previous report also 
suggests that, metformin is a regulator of AMPK, a key kinase essential 
for ATP synthesis in mitochondria [39]. The improved glucose utiliza-
tion could be attributed to the increased gene expression of AMPK and 

Fig. 7. Effect of metformin on antioxidant enzyme such as catalase (A, B) and SOD (C, D) activities in plasma and liver as well as MPO (E) activities in liver of HFD 
fed rats. Data are presented as mean ± SEM, n = 6. One-way ANOVA followed by Tukey post hoc test was done for statistical comparison. Values are considered 
significant at p < 0.05 and marked as asterisk mark. * is significant at p < 0.05 and ** is significant at p < 0.001. 
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GLUT-4 in the liver of metformin-treated rats. 
According to a previous study, increased cholesterol and triglyceride 

levels in plasma were observed in HFD fed rats which may cause the 
accumulation of fat in the liver [20]. During NAFLD development, fat 
accumulation in the liver due to HFD consumption and oxidative stress 
are considered as the most important risk factors [40,41]. In this study, 
metformin treatment reduced the cholesterol and triglyceride levels in 
HFD fed rats. Recent study also demonstrated that metformin treatment 
reduced high cholesterol levels and prevents NAFLD in experimental 
animals supplied with a HFD [42]. Metformin mediated upregulation of 
fat oxidizing genes with simultaneous prevention of de novo lipogenesis 
has been attributed to the cholesterol lowering actions [19]. A recent 
meta-analysis also supported the idea that metformin treatment is 
effective in lowering the high circulating lipid levels in blood and 
decreased the body weight in adult population [43]. This investigation 
also showed that HFD diet diminished the mucus producing goblet cells 
population in the intestine. This mucus layer is the first defense barrier 
against bacterial invasion which also prevents inflammation. Metformin 
treatment in HFD fed rats showed increased goblet cells in the intestine 
which may contribute to the lowering of the fatty acids from intestinal 
parts. This data was supported by previous literature showed that intact 
goblet cells population is vital for the lowring of total lipids in the HFD 
fed rats [32]. 

To get a deeper insight into the HFD-mediated NAFLD development 
and the molecular pharmacology of metformin, we considered to 
explore the gene expression of adipogenesis and insulin resistance- 
related factors and proteins. In the pathophysiology of adipogenesis, 
and related complications like NAFLD, the transcription factors, perox-
isome proliferator-activated receptor gamma (PPARγ) and CCAAT- 
enhancer-binding protein alpha (C/EBPα) plays critical roles [44]. 

During preadipocyte differentiation and maturation these two tran-
scription factors cross-regulate the gene expression of each other and 
up-regulate numerous downstream proadipogneic factors and 
down-regulate the antiadipogenic factors [45]. For this reason, these 
two proteins are known as the master regulators of adipogenesis. In 
patients [46] and experimental mammalian animal models [47] of 
NAFLD, hepatic PPARγ gene expression has been found to be signifi-
cantly higher than normal. Moreover, the deletion of PPARγ activity in 
the hepatocytes of the mouse has been found to be beneficial for stea-
tosis [48]. Therefore, with the aim of conceptualizing the molecular 
mechanism of HFD-mediated NAFLD and the beneficial effects of met-
formin, we also investigated the gene expression of PPARγ, C/EBPα, and 
their downstream proteins, factors, and enzymes which are involved in 
the regulation of adipogenesis. C/EBP transcription factors may induce 
SREBP1c in adipogenesis and control several gene expression involved 
in lipogenesis and insulin sensitivity [49]. The gene expression of PPARγ 
is also enhanced by the gene expression of SREBP1c [50]. Moreover, 
previous studies have also confirmed that SREBP1c, up-regulates the 
gene expression of HMG-CoA reductase (HMGCR) and fatty acid syn-
thase (FAS), two most vital among the enzymes involved in the 
biosynthesis of steroids and fatty acids [50]. Thus augmetation of SREBP 
gene expression promotes the biosynthesis of cholesterol and fatty acids. 

Our data demonestrated that HFD-mediated upregulation of PPARγ, 
C/EBPα, and SREBP1c and leptin gene expression was significantly 
suppressed after metformin treatment. Consistent with our observation, 
a previous study showed that in partial leptin-deficient animals, leptin 
deficiency is beneficial for obesity prevention and fatty liver develop-
ment [51]. On the other hand, HFD-mediated downregulation of AMPK, 
adiponectin, and GLUT-4 transcripts were significantly restored in the 
metformin treated rats. Thus, the ameliorative effect of metformin on 

Fig. 8. Effect of metformin on oxidative stress regulator genes such as Nrf-2 (A), HO-1 (B), HO-2 (C), SOD (D), GPx (E) and catalase (F) expression in liver of HFD fed 
rats. Data are presented as mean ± SD, n = 6. One-way ANOVA followed by Tukey post hoc test was done for statistical comparison. Values are considered significant 
at p < 0.05 and marked as asterisk mark. 
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Fig. 9. Effect of metformin on hepatic inflammation and fat deposition in the liver of HF diet fed rats. (A, E), Control; liver section showed normal histoarchitecture 
and a clean blood vessel. (B, F), HF; high amount of fat droplets are deposited in liver section. (C, G), Control + Met, showed similar structure of control rats. (D, H), 
HF + Met, Metformin treatment decreased the inflammatory cells infiltration and fat droplets in the liver section (Upper panel have low magnification, ×10; lower 
panel have high magnification, ×40). (I), grading score for steatosis is shown in different groups. Liver sections were taken from three rats per group and pictures 
were taken from five random areas from each section (15 random areas from each group) (please see materials and methods). One-way ANOVA followed by Tukey 
post hoc test was done for statistical comparison. Values are considered significant at p < 0.05 and marked as asterisk mark. * is significant at p < 0.05 and ** is 
significant at p < 0.001. 

Fig. 10. Effect of metformin on hepatic fibrosis in the liver of HF diet fed rats. A, Control; B HF; C, Control + Met; D, HF + Met; E, % of fibrosis is shown in different 
groups. Liver sections were taken from three rats per group and pictures were taken from five random areas from each section (15 random areas from each group) 
(please see materials and methods). One-way ANOVA followed by Tukey post hoc test was done for statistical comparison. Values are considered significant at p <
0.05 and marked as asterisk mark. * is significant at p < 0.05 and ** is significant at p < 0.001. 
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HFD-induced NAFLD could be, at least partially, attributed to its ability 
to suppress the gene expression of proadipogenic factors with a parallel 
augmentation of the antiadipogenic gene expression such as AMPK and 
GLUT-4 [52,53]. 

In this study, the oxidative stress marker and lipid peroxidation 
product, malondialdehyde (MDA) level elevated significantly in HFD- 
fed rats. Treatment with metformin reduced the MDA level in HFD fed 
rats to near normal as shown in control rats. Likewise, metformin 
treatment also lowered the HFD-mediated increased levels of NO and 
APOP. This ameliorating effect might be attributed to the ability of 
metformin to increase the activities of antioxidant enzymes such as SOD 
and catalase. The increased activities of these key enzymes were also 
supported by the increased gene expression of oxidative stress-related 
factors such as Nrf-2 and HO enzymes by metformin treatment in HFD 
fed rats. Previous studies also reported that metformin can reduce 
oxidative stress in rats by increasing the activities of antioxidant en-
zymes [21]. 

NAFLD disease is associated with deposition of free iron in the form 
of ferrous ion (Fe++) which causes iron induced cytotoxicity by trig-
gering redox reaction. The redox reaction, in turn, causes the generation 
of deleterious oxygen radicals that damages cellular organelles [54]. 
Metformin treatment resulted in a reduction of free iron deposition in 
the liver section of HFD fed rats. Moreover, oxidative stress-induced 
obesity and NAFLD, not only damages local tissues but can quickly 
spread to global level causing widespread damage to various body or-
gans [55]. When liver tissue starts to damage, leakage of ALT and ALP 
occurs into the bloodstream and increased their activities in the plasma 
[56]. In agreement with a previous observation, our data also supported 
that HFD-mediated oxidative stress caused hepatocyte damage in rats 
which was revealed as increased ALT and ALP activities in HFD-fed rats 
[32]. Metformin treatment diminished the elevated ALT and ALP ac-
tivities in plasma of HFD fed rats. Thus, our findings are in agreement 
with a previous report showeing that treatment of NAFLD with met-
formin reduces ALT activities, with a concurrent reduction of body 
weight [57,58]. 

Our data also showed that, metformin treatment reduced the in-
flammatory cell infiltration and decreased MPO activity in the liver of 
HFD fed rats. In a previous study, it was reported that metformin pre-
vented proinflammatory cells infiltration in the liver [21]. Our findings 
were also supported by other studies which showed that metformin has 
anti-inflammatory activity and prevents hepatic steatosis in HFD fed 
animals [20] and in streptozotocin-induced type 2 diabetic rats [59]. 
HFD induced inflammation and oxidative stress may also initiate the 
development of fibrosis and deposition of extracellular matrix proteins 
in the liver of experimental animals [9,60]. Local fibroblast and hepatic 
stellate cells (HSCs) are stimulated by oxidative stress to release extra-
cellular matrix proteins in the liver [60]. This investigation also showed 
that the HFD associated fibrogenic responses in liver and collagen 
deposition were attenuated by metformin treatment. Metformin treat-
ment also ameliorated inflammation and oxidative stress conditions, 
which may contribute to reduce the hepatic fibrosis in HFD-fed rats. 
Similar effects were also observed in a previous study in which met-
formin prevented CCl4-induced hepatic fibrosis in rats [61]. Addition-
ally, it was also found that metformin prevented ROS production and 
suppressed hepatic stellate cells proliferation and fibrosis in liver [62, 
63]. 

In summary, our study suggests that consumption of HFD may cause 
generalized hyperlipidemia, glucose intolerance, oxidative stress, and 
inflammatory changes in the liver which mimicks the pathological fea-
tures commonly observed in NAFLD. Metformin, through its antioxi-
dant, and anti-inflammatory actions, significantly prevented HFD- 
induced dyslipidemia, glucose intolerance, and the development of 
NAFLD-like symptoms in rats. Further studies should be conducted to 
understand the underlying molecular mechanisms by which metformin- 
produced multifaceted benefits in obesity and related complications. 

Fig. 11. Effect of metformin on mucus secreting goblet cells population in the small intestine of HF diet fed rats. A, Control; B HF; C, Control + Met; D, HF + Met. 
Intestinal sections were taken from three rats per group and pictures were taken from five random areas from each section (15 random areas from each group) (please 
see materials and methods) magnification, ×40. 
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