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Abstract. The present study aimed to explore the renoprotec-
tive effect of metformin on diabetic nephropathy in type 2 
diabetic rats. A rat model of type 2 diabetic nephropathy 
(T2DN) was successfully induced via a high‑fat diet combined 
with a single low‑dose of streptozotocin. Metformin was 
administered intragastrically for 13  weeks, and fasting 
blood glucose (FBG), total cholesterol (TC), triglycerides 
(TG), HDL‑c, LDL‑c, urinary and serum creatinine levels 
were subsequently examined at the end of administration. 
Renal function was determined after the treatment protocol. 
Expression levels of transforming growth factor (TGF)‑β1 
and connective tissue growth factor (CTGF) were assessed via 
immunohistochemical analysis. Superoxide dismutase activity, 
malondialdehyde content and glutathione peroxidase levels 
were assessed in kidney tissues using commercially avail-
able kits. The results of the present study demonstrated that 
metformin administration significantly decreased the levels of 
serum blood urea nitrogen, serum creatinine, creatinine clear-
ance, urinary albumin excretion and fasting blood glucose 
in rats with T2DN. Furthermore, TG, TC and LDL‑c levels 
were significantly decreased following metformin treatment, 
whereas HDL‑c was increased. Metformin treatment signifi-
cantly increased SOD activity and significantly decreased 
malondialdehyde levels, as compared with the model group. 
It was also demonstrated that metformin administration 
significantly decreased the expression levels of TGF‑β1 and 
attenuated the morphological changes associated with T2DN 
in rats. These data clearly demonstrated the renoprotective 
effects of metformin against the development and progression 
of T2DN in rats. The underlying mechanism of this protective 
effect may be associated with glycemic control, lipid metabo-
lism, and anti‑oxidative and anti‑inflammatory functions.

Introduction

Diabetes mellitus is a metabolism‑related chronic disease 
that affects individuals worldwide. Poorly controlled 
blood glucose levels typically lead to various complica-
tions in organs that are rich in microvasculature, including 
nephropathy (1). Diabetic nephropathy (DN) is a high risk 
factor for vascular disease, and is common among patients 
with type 2 diabetes (2). DN is characterized by albuminuria, 
hyperfiltration and hyperpermeability to macromolecules, 
proteinuria and end‑stage renal failure  (3). Although the 
underlying mechanism of type 2 DN (T2DN) development 
remains unclear, this multifactorial disease may be associated 
with factors such as hyperglycemia, hyperlipidemia, oxidative 
stress and inflammatory cytokines (4,5).

Hyperglycemia causes oxidative stress and increases the 
generation of reactive oxygen species (ROS) (4). ROS damage 
the cell membrane, inactivate antioxidant enzymes, alter 
endogenous antioxidant gene expression and contribute to the 
pathogenesis of DN (6‑8). Furthermore, ROS activate signal 
transduction cascades which induce the expression of profi-
brotic factors, including fibronectin, lamin and Collagen IV, 
which contribute to the accumulation of extracellular matrix 
(ECM) and inflammatory gene expression, such as IL‑6. 
Furthermore, transforming growth factor (TGF)‑β1 expres-
sion is activated by ROS, in combination with its downstream 
effector connective tissue growth factor (CTGF), which 
contributes to tissue fibrosis (9,10) and promotes cell prolif-
eration and ECM synthesis, which is one of the predominant 
pathological characteristics of DN (11,12).

Metformin, which is an oral hypoglycemic diguanide drug, 
has been widely used for several decades in the treatment 
for type 2 diabetes mellitus (T2DM), particularly in patients 
with obesity (13). Metformin reduces diabetic complications 
by reducing glucose levels in the body (13); and although the 
detailed mechanism underlying these benefits is yet to be 
elucidated, it is generally acknowledged that metformin restores 
the body's response to insulin. It has been demonstrated that 
metformin reduces gluconeogenesis in the liver and also inhibits 
sugar uptake in the intestines (14); whereas another previous 
study has demonstrated that it may reduce ROS generation (15). 
Furthermore, metformin has exhibited renal protective effects 
against a nephrotoxic agent in some previous studies (16,17).

The present study aimed to explore the potential renal 
protective effect of metformin on the progression of DN in 
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high‑fat diet (HFD) and STZ‑induced diabetic rats, and the 
underlying mechanism.

Materials and methods

Regents. Metformin was purchased from Tianjin Pacific 
Chemical & Pharmaceutical  Co.,  Ltd., (Tianjin, China). 
Captopr i l  was purchased f rom Shanghai Pukang 
Pharmaceutical Co., Ltd., (Shanghai, China). Detection kits 
for total cholesterol (TC; A111-1), triglyceride (TG; A110‑1), 
high density lipoprotein‑cholesterol (HDL‑c; A112‑1), low 
density lipoprotein‑cholesterol (LDL‑c; S113‑1), serum 
creatinine (Scr), blood urea nitrogen (BUN), superoxide 
dismutase (SOD; A001‑1), malondialdehyde (MDA; A003‑1) 
and glutathione peroxidase (GSH‑Px; A005) were purchased 
from Nanjing Jiancheng Institute of Biotechnology (Nanjing, 
China).

Animals and experimental design. A total of 80 male Wistar 
rats, aged 7 weeks and weighing 160‑180 g, were obtained from 
The Experimental Animal Center at Jilin University (Jilin, 
China). Rats were housed in normal cages under controlled 
conditions (25˚C and a 12 h light/dark cycle) with ad libitum 
access to a standard pellet diet (SPD) and water. Experiments 
were performed in accordance with the Guide for the Care 
and Use of Laboratory Animals of Jilin University, and were 
approved by the Ethics Committee. Following acclimatiza-
tion for one week, rats were divided into two groups, and 
were either fed with SPD or a HFD, consisting of 10% fat, 
20% sucrose, 10% protein and 60% pulverized standard rat 
pellet, for eight weeks. Following overnight fasting, the rats 
fed with HFD were intravenously (i.v) injected with a single 
low‑dose of STZ (30 mg/kg; Sigma‑Aldrich, St. Louis, MO, 
USA), whereas the rats in the control SFD group were treated 
with a vehicle control buffer. Two weeks following STZ injec-
tion, fasting blood glucose (FBG) levels were tested and the 
rats with high FBG (>11.1 mol/l) were used for the subsequent 
experiments. 

Diabetic rats were randomly divided into three equal groups 
(n=20). Experimental groups were as follows: Control, control 
group; model, diabetic control group; metformin, diabetic 
group with metformin treatment (70  mg/kg); and capto-
pril,  diabetic group with captopril treatment (10  mg/kg). 
Metformin and captopril were administered intragastrically 
(i.g.) once a day for 13 weeks. Simultaneously, the control and 
model groups were administered 0.5% sodium carboxymethyl 
cellulose (i.g.; Sanpu Chemical Reagent Co., Ltd., Shanghai, 
China) as procedural control. FBG levels were determined 
during treatment at 0, 3, 6, 9 and 13 weeks using a glucom-
eter (Eukare, Eumed Biotechnology Co., Ltd. Taiwan). In the 
present study, captopril, which is an angiotensin converting 
enzyme (ACE) inhibitor, was used as a positive control as it 
has been demonstrated to prevent the progression of chronic 
kidney disease (18).

Assessment of biochemical parameters. Serum samples were 
collected to determine HDL‑c, LDL‑c, TC, TG, SCr and 
BUN levels. Measurements were performed according to the 
manufacturer's protocol for each kit. In brief, after 13 weeks of 
administration the rats were anesthetized by chloral hydrate. 

Blood samples were taken from the abdomen artery into 
non‑hepatinised tubes and were allowed to clot for 2 h at room 
temperature, and were then centrifuged at 1,100xg for 15 min.

Assessment of urine parameters. The urinary creatinine and 
creatinine in plasma were measured using an AU5800 auto-
matic analyzer (Beckman Coulter, Inc., CA, USA). Creatinine 
clearance (CCr) and 24‑h urinary albumin excretion rate 
(UAER) were calculated according to the following formulae: 
UAER=urinary albumin (µg/ml) x 24‑h urine volume (ml); 
and CCr=urinary creatinine (UCr) (mg/ml) x urine volume 
(ml/kg)/creatinine in plasma (mg/ml) (19).

Determination of SOD, MDA and GSH‑Px levels. One small 
section (200 mg) of right kidney was harvested from the rats and 
precisely weighed. Subsequently, saline was added according 
to the tissue weight:  Saline volume=1:9 (w/v). Following 
homogenization at 4˚C by a DY89-Ⅰ electric homogenate 
(Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China), the 
homogenates were centrifuged at 1,100xg for 15 min at room 
temperature. SOD activity, MDA content and GSH‑Px levels 
were measured using commercially available kits, according 
to manufacturer's protocol.

Histopathology and electron microscopy examination. Kidney 
samples were fixed in 10% formalin, paraffin‑embedded, cut 
into 5‑micron sections and stained with hematoxylin and 
eosin (Sanpu Chemical Reagent Co., Ltd.). Slides were exam-
ined under an Eclipse 80i light microscope (magnification, 
x400; Nikon, Tokyo, Japan) by a pathologist who was blind 
to the experimental profiles. For electron microscopy, kidney 
tissues were cut into small cubes (2 mm/side), fixed in 4% 
glutaraldehyde and examined by independent pathologists 
with a JEM‑1200EX transmission electron microscope (Japan 
Electronic Co., Ltd.) who were blinded to the protocol of the 
present study.

Immunohistochemical analysis. Expression levels of TGF‑β1 
and CTGF in the kidney sections were analyzed via immu-
nochemical staining. Polyclonal anti-rabbit TGF‑β1 antibody 
(1:200; bs‑7443R) and monoclonal anti-rabbit CTGF antibody 
(1:500; bs‑0743R) were purchased from Boaosen (Wuhan, 
China). Brown/yellow granular deposits in the cells or matrix 
were interpreted as positive. Semi‑quantitative evaluations of 
the images were carried out using Image Pro Plus 6.0 (Media 
Cybernetics, Inc., Rockville, MD, USA).

Statistical analysis. Data are presented as the mean ± standard 
error of the mean. Statistical significance was determined 
by one‑way analysis of variance, followed by Dunnett's test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Metformin decreases FBG levels in T2DN rats. Following 
STZ injection, the rats in the model group exhibited the typical 
symptoms of diabetes, with FBG levels >11.1 mmol/l. As 
shown in Fig. 1, the FBG levels in the model group significantly 
increased as the experimental period increased. From the third 
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week onwards, the metformin group exhibited significantly 
decreased FBG levels (P<0.05), whereas the captopril group 

exhibited no significant differences in FBG. These results 
suggest that metformin decreases FBG in T2DN rats. 

Table I. Effects of metformin on blood lipids in rats with type 2 diabetes nephropathy.

	 LDL‑c	 HDL‑c	 TG	 TC
Group	 (mmol/l)	 (mmol/l)	 (mmol/l)	 (mmol/l)

Control	 0.54±0.07	 0.65±0.07	 0.27±0.04	 1.60±0.10
Model	 1.02±0.09a	 0.42±0.04a	 0.42±0.04b	 2.12±0.15b

Metformin	 0.62±011c	 0.58±0.05d	 0.27±0.03c	 1.66±0.13c

Captopril	 0.80±0.10	 0.55±0.05	 0.39±0.07	 1.68±0.23

aP<0.01 and bP<0.05, vs. the normal group; cP<0.05 and dP<0.01, vs. the model group.
 

Figure 1. Effects of metformin on fasted blood glucose (FBG) in rats with type 2 diabetes nephropathy. Time course monitoring of FBG levels with daily metformin 
and captopril for 13 weeks are shown. Data are presented as the mean ± standard error of the mean. *P<0.05 vs. the normal group; #P<0.05 vs. the model group.

Figure 2. Effects of metformin on kidney function in rats with type 2 diabetes nephropathy. (A) Serum creatinine (SCr), (B) urine creatinine (UCr), (C) cre-
atinine clearance (CCr), (D) blood urea nitrogen (BUN) and (E) 24‑h urinary albumin excretion rate (UAER) were assessed. Data are presented as the 
mean ± standard error of the mean. *P<0.05, **P<0.01 and ***P<0.001, vs. the normal group; #P<0.05 and ##P<0.01, vs. the model group.
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Metformin protects the kidney function in T2DN rats. 
Following the induction of hyperglycemia via STZ, signifi-
cant increases in SCr (P<0.01), BUN (P<0.001) and UAER 
levels were detected, accompanied by significant decreases 
in UCr (P<0.001) and CCr (P<0.01), which indicated a 
significant alternation in the kidney function of model rats, as 
compared with the control rats (Figs. 2A‑E). Metformin treat-
ment significantly reduced SCr (P<0.05) and BUN (P<0.01) 
and UAER (P<0.05) levels in diabetic rats, as compared with 
the model group. Metformin did not induce any significant 
alterations in UCr and CCr levels; whereas UCr and CCr levels 
were significantly increased following captopril treatment, 
as compared with the model group (P<0.01). These results 
suggest that metformin protects rental function in T2DN rats.

Metformin decreases blood lipids in T2DN rats. Diabetic 
dyslipidemia was successfully established in rats, as indicated 
by increased LDL‑c (P<0.01), TG and TC (both P<0.05) levels, 
and decreased HDL‑c (P<0.01) levels. Metformin treatment 
significantly counteracted the above mentioned alterations 
in diabetic rats; serum LDL‑c, TG and TC were reduced 
(P<0.05) and HDL‑c was increased (P<0.01). Captopril had 
no significant effect on hyperlipidemia (Table I). These results 
suggest that metformin decreases blood lipids in T2DN rats. 

Metformin decreases oxidative stress in T2DN rats. Diabetic 
rats exhibited significantly decreased activities of SOD 
(P<0.01) and GSH‑Px (P<0.05) (Figs. 3A and B), which was 
accompanied by a significant increase in MDA levels (P<0.01) 
(Fig. 3C) in kidney tissue, as compared with the control rats. 

Metformin treatment significantly increased the activity of 
SOD (P<0.05) and decreased the level of MDA in diabetic 
rats, as compared with the model group. However, the activity 
of GSH‑Px was only increased by captopril administration 
(P<0.05), as compared with the model group. These results 
suggest that metformin inhibits oxidative stress in T2DN rats.

Metformin protects histopathologcial changes of kidney in 
T2DN rats. Fig. 4 shows the morphology of the glomerulus, 
as detected by hematoxylin‑eosin staining. As compared with 
the control group (Fig. 4A), model rats exhibited reduced 
glomerular tuft, increased Bowman's spaces, vacuolar degen-
eration, and dilated renal capsule and kidney tubules (Fig. 4B). 
Metformin and captopril markedly improved the renal lesions 
in diabetic rats (Figs. 4C and D, respectively).

Representative images of the kidney cortices acquired 
by transmission electron microscope are presented in Fig. 5. 
Kidney cortices samples from the control group exhibited 
normal structure of three layer of the filtration barrier, with 
normal glomerular basement membrane (GBM) thick-
ness and equally distributed podocyte foot processes that 
form foot‑like structures (Fig. 5A‑a). In the model rats, the 
podocytes processes merged together in large areas, and 
the filtration barrier was blurry and no longer clearly distin-
guishable (Fig. 5A‑b ). Furthermore, significant segmental 
thickening of the GBM was detected (P<0.0001), as compared 
with the control group (Fig. 5B). Treatment with metformin 
and captopril ameliorated these ultrastructural changes in the 
kidneys of diabetic rats (Figs. 5A‑c and 5A‑d). Notably, GBM 
thickness was significantly decreased in the metformin‑ and 

Figure 3. Effects of metformin on (A) superoxide dismutase (SOD), (B) glutathione peroxidase (GSH‑Px) and (C) malondialdehyde (MDA) oxidative param-
eters in the kidney tissues of rats with type 2 diabetes nephropathy. Data are presented as the mean ± standard error of the mean. *P<0.05 and **P<0.01, vs. the 
normal group; #P<0.05, vs. the model group.

Figure 4. Effect of metformin on the histological morphology of kidneys harvested from rats with type 2 diabetes nephropathy, as detected by hematoxylin and 
eosin staining. (A) Normal rats, (B) Model rats, (C) Metformin‑treated rats and (D) Captopril‑treated rats (magnification, x400).

  A   B   C   D

  A   B   C
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Figure 5. Representative transmission electron microscopy images of kidney cortices (A) in (a) normal, (b) model, (c) metformin‑treated and (d) captopril‑treated 
rats (magnification, x15,000). (B) Quantitative analysis of glomerular basement membrane (GBM) thickness. Data are presented as the mean ± standard error 
of the mean. ****P<0.0001, vs. the normal group; ##P<0.01 and ####P<0.0001 , vs. the model group.

Figure 6. Effects of metformin on TGF‑β1 and CTGF expression levels in the kidney tissue of rats with type 2 diabetes nephropathy. (A) Kidney tissues 
from (a and e) normal rats, (b and f) diabetic rats, (c and g). metformin‑treated diabetic rats and (d and h) captopril‑treated diabetic rats were stained with 
anti‑TGF‑β1 and anti‑CTGF antibodies (magnification, x400). (B) Semi‑quantitative analysis of TGF‑β1 and CTGF immunostaining in the glomeruli and renal 
tubules. Data are presented as the mean ± standard error of the mean. **P<0.01 and ***P<0.001, vs. the normal group; #P<0.05, ##P<0.01 and ###P<0.001, vs. the 
model group. TGF, transforming growth factor; CTGF, connective tissue growth factor.

 A

  B
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  B
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captopril‑treated groups, as compared with the model group 
(P<0.01 and P<0.0001, respectively). These results suggest that 
metformin protects against glomerular damage in the kidneys 
of T2DN rats. 

Metformin decreases TGF-β1 and CTGF expression levels 
in T2DN rats. The effect of metformin treatment on the 
expression levels of TGF‑β1 and CTGF were examined by 
immunohistochemistry. As shown in Fig. 6, positive staining 
of TGF‑β1 and CTGF in the proximal tubule and glomerular 
mesangial area were significantly enhanced in the model 
group, as compared with the control group. As compared with 
the model group, TGF‑β1 expression levels were significantly 
reduced by metformin and captorpil treatment (P<0.001 and 
P<0.01, respectively). Only captopril administration was able 
to significantly reduce the expression levels of CTGF, as 
compared with the model group (P<0.05).

Semi‑quantitative analysis of the positively stained areas 
demonstrated that TGF‑β1 and CTGF expression levels in 
the DN rats were increased, whereas metformin treatment 
was able to significantly reduce the expression of TGF‑β1 
(P<0.001; Fig.  6B). These results suggest that metformin 
decreases TGF‑β1 and CTGF expression levels in the kidneys 
of T2DN rats. 

Discussion

In the present study, the renoprotective effects of metformin 
against T2DN were demonstrated in a high‑fat diet, low‑dose 
STZ‑induced rat model of T2DN. These results demonstrated 
that merformin can markedly improve the renal lesions (Fig. 4) 
and ameliorate the GBM thickness of the kidney (Fig. 5) in 
diabetic rats. At the same time, merformin can decrease the 
FBG levels, reduce TG and TC levels, decrease the TGF‑β1 
expression and increase SOD activity. Therefore, treatment 
with metformin indicated the importance of glycemic control, 
blood lipid control, anti‑oxidative and anti‑inflammatory 
effects in the treatment of T2DN.

STZ is widely used in studies investigating DM, as it specifi-
cally targets β‑cells and reduces blood insulin levels, leading 
to hyperglycemia and mimicking DM pathology  (20‑22). 
Dosages of STZ required in DM models remain controversial. 
In a pervious mouse model, high‑dose STZ induced direct 
nephrotoxicity, making it unable to distinguish between the 
direct toxic effect of STZ and the lesions that resulted from 
STZ‑induced hyperglycemia (20,23,24). In the present study, 
insulin resistance was induced in a rat model via a high‑fat 
diet (25,26), followed by a single low dose of STZ (30 mg/kg) 
to induce hyperglycemia for 2 weeks. Elevated glucose levels 
after 13 weeks successfully induced renal lesions that were 
similarly present in human patients with DN, hyperglycemia, 
hyperlipidemia, oxidative stress and renal damage  (20). 
According to previous diagnostic criteria of DN outlined by 
Mogensen et al (27), the present study evaluated rats in DN 
stages 3‑4.

In the present STZ‑induced DN model, kidney damage was 
assessed via kidney function parameters, including elevated 
SCr, UCr, BUN and UAER, and declined CCr levels. Presence 
of albumin in the urine is a primary indicator of kidney damage 
in the early onset of DN, and the UAER is typically measured 

in the clinic to assess renal lesions in patients with DN (28,29). 
Creatinine is a breakdown product of creatine phosphate in 
muscle and its clearance rate from blood to urine (CCr) corre-
lates with glomerular filtration rate (30); therefore, CCr can 
be used as an indicator for kidney function. Kidney damage, 
as indicated by reduced UAER, was detected 13 weeks after 
the initiation of STZ‑induced hyperglycemia. In addition, SCr, 
UCr and BUN kidney function parameters were significantly 
increased in the model group, as compared with the control 
group. Treatment with metformin alone ameliorated the 
majority of these kidney dysfunctions, indicating the protective 
effects of metformin administration in rats with T2DN. In the 
model group, morphological and ultrastructural analysis indi-
cated severe damage to the kidney tissue, including reduced 
glomeruli, dilation of the renal capsule and kidney tubules, 
and GBM thickening. Treatment with metformin successfully 
counteracted these morphological alterations.

Hyperglycemia is considered to be the dominant patho-
logical characteristic of DM, as it causes the majority of the 
symptoms associated with DM. Chronic hyperglycemia results 
in the accumulation of advanced glycation end products 
(AGEs) in the body, which further increase the risk for vascular 
complications in patients with DM (31). A previous study 
demonstrated that AGEs are always present in diabetic indi-
viduals with kidney dysfunction, leading to the overproduction 
of ROS (32). ROS produced by hyperglycemia are capable of 
damaging cell membranes and inactivating endogenous antiox-
idants, lipid and carbohydrate (33,34), and are considered to be 
a predominant cause of diabetic‑related complications (35,36). 
Endogenous antioxidant molecules, such as SOD and GSH‑Px, 
counteract ROS‑mediated renal injury (37); however, they are 
severely decreased in patients with T2DN, indicating oxida-
tive stress (37,38). As hyperglycemia has a dominant role at 
the beginning of the ROS‑mediated pathway, strict glucose 
modulation remains the major therapeutic strategy, as this 
aids the amelioration of oxidative stress (39‑41). In the present 
study, elevated FBG levels were significantly reduced by the 
well‑characterized hypoglycemic agent, metformin; whereas 
the ACE inhibitor, captopril, induced no effect on FBG. These 
results indicated that glycemic control is important for the 
metformin‑mediated renoprotective effect. Furthermore, the 
levels of SOD, GSH‑Px and MDA in kidney homogenates were 
determined. In the model group, decreased levels of the SOD 
and GSH‑Px antioxidants were accompanied by an increase in 
MDA levels. Treatment with metformin or captopril increased 
SOD levels and reduced MDA levels. These results suggested 
that treatment with metformin or captopril exerts a renoprotec-
tive effect via increasing SOD and reducing MDA.

Hyperlipidemia is a common symptom of DM (42‑45). 
Persistent filtration of lipids and lipid proteins contributes to 
chronic and progressive renal injury (46), albuminuria and 
glomerulosclerosis (46,47). Hyperlipidemia is considered as 
a risk factor for DN as it may exacerbate glomerular injury 
through the activation of various signaling pathways (48). The 
lipid profile of patients with DN is as follows: High LDL‑c, TC 
and TG, and low HDL‑c (45,49). This lipid profile has been 
termed ‘diabetic dyslipidemia’, and is predominantly observed 
in patients with T2DM (49). Notably, it has been demonstrated 
that these lipid abnormalities are associated with worsening 
kidney function and urinary albumin excretion (49). In the 
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present study, the model group exhibited increased TC, TG 
and LDL‑c, and decreased HDL‑c. Treatment with metformin, 
which is a hypoglycemic drug, significantly attenuated these 
pathological alternations in blood lipid concentrations; whereas 
captopril exhibited no significant effect. This result implied 
that metformin may help ease DN symptoms by modulating 
lipid metabolism and dyslipidemia.

There is a growing body of evidence suggesting the involve-
ment of inflammatory cytokines, including TGF‑β1, CTGF 
and IL‑6, in the pathogenesis of DN (50,51). Oxidative stress 
activates TGF‑β1 and IL‑6 by modulating multiple pathways, 
and these cytokines contribute to glomerular mesangial expan-
sion and tubulointerstitial fibrosis (39,40,50). CTGF expression 
is associated with oxidative stress and has been established 
as the downstream effector of TGF‑β1 (52). Together, CTGF 
and TGF‑β1 contribute to tissue fibrosis  (9,10), promoting 
cell proliferation and ECM synthesis (11). Furthermore, it has 
previously been demonstrated that serum IL‑6 levels were 
significantly elevated in patients with T2DN, as compared 
with hyperglycemic patients without nephropathy  (53,54). 
Elevation of IL‑6 inflammatory cytokine levels in patients 
with DM and nephropathy indicates that T2DN is a 
low‑inflammatory disease (51,55). Therefore, the use of agents 
with anti‑inflammatory effects may serve as an attractive 
strategy for the treatment of renal dysfunction in patients with 
T2DM (40). In the present study, uncontrolled nephropathy 
was detected in the model group, which was characterized by 
significantly elevated expression levels of TGF‑β1 and CTGF 
in the kidney. The results of the present study demonstrated 
that metformin was capable of counteracting the inflammation 
effect of DN and prevent chronic DN pathogenesis. Therefore, 
the anti‑inflammatory effect induced by metformin is another 
important mechanism by which it protected rats from the 
development of chronic T2DN in the present study.

In conclusion, the present study demonstrated the renopro-
tective effects of metformin against T2DN in a high‑fat diet, 
low‑dose STZ‑induced rat model of T2DN. The successful 
induction of T2DN in the rats was demonstrated by severe 
renal dysfunction, hyperglycemia, dyslipidemia, a reduction 
in antioxidants and increased expression levels of inflamma-
tory cytokines. Metformin treatment significantly attenuated 
the pathological characteristics of T2DN, by reducing blood 
glucose, protecting renal functions and retaining normal 
morphology. The mechanism of this effect may be associated 
with glycemic control, lipid metabolism, and anti‑oxidative 
and anti‑inflammatory functions; however, further investiga-
tion is required to fully elucidate the underlying mechanism.
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