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Abstract: The present study aims to study the possible renal protective effect of simvastatin in the development 
and progression of type 2 diabetic nephropathy. A rat model of T2DN was induced by high-fat diet together with 
single low-dose of streptozotocin. The diabetic rats were either given treatment or vehicle control for 13 weeks to 
develop nephropathy. At the end of treatment, parameters of renal function were determined. Kidney samples were 
collected for histological studies and generated homogenates for biochemical analysis. In T2DN rats, severe hyper-
glycemia was developed, FBG were markedly elevated. Diabetes induced significant alterations in renal structure, 
such as severe reduction of glomerular tufts, increase in Bowman’s spaces, thickening of GBM. In addition, and SCr, 
UAER and BUN are elevated, accompanied with reduction in UCr and CCr, indicating obvious renal failure. On the 
other hand, endogenous antioxidants SOD, GSH-Px were reduced, whereas MDA was increased. However, treatment 
of T2DN rats with simvastatin restored renal changes in different aspects. Our results showed that STZ-induced 
T2DN could be attenuated by simvastatin. The renoprotective effects of simvastatin was indicated by improvements 
in kidney function parameters, and was attributed by its lipid-lowering effect as well as its anti-oxidative stress, anti-
inflammatory properties without having noticeable influence on glycemic control. Simvastatin ameliorates low-dose 
Streptozotocin-induced type 2 diabetic nephropathy in an experimental rat model.
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Introduction

Diabetic nephropathy (DN) is a high risk factor 
for vascular disease, and the majority of type 2 
diabetic nephropathy (T2DN) patients die of 
cardiovascular disorders [1]. DN is character-
ized by a series of structural abnormalities 
such as mesangial expansion, thickening of 
glomerular and tubular basement membranes, 
glomerulosclerosis and tubulointerstitial fibro-
sis [2-4]. Despite strict control of glycemia and 
blood pressure, many diabetic patients still pro-
gressively develop kidney failure [5].

Chronic hyperglycemia activates reactive oxy-
gen species (ROSs) generation through multi-
ple pathways, which collectively contribute to 
the pathogenesis of DN. ROS can damage cell 
membrane, inactivate endogenous antioxi-
dants, lipid and carbohydrate [6]. Endogenous 
antioxidant molecules such as superoxidase 

dismutase (SOD), glutathione peroxidase (GSH-
Px) counteract ROS-mediated renal injury [7], 
however, they are severely decreased in 
patients with T2DN, indicating oxidative stress. 
ROS can also activate the expression of profi-
brotic gene (fibronectin, lamin, Collagen IV), 
contribute to the accumulation of extracellular 
matrix (ECM) and inflammatory (such IL-6) gene 
expression [1]. Furthermore, TGFβ1 and CTGF 
have been identified to stimulate synthesis of 
ECM [8-10] and contribute to the glomerular 
mesangial expansion and tubulointerstitial 
fibrosis [1, 11].

Hyperlipidemia is considered as a risk factor for 
diabetic nephropathy [12, 13]. Persistent filtra-
tion of lipids and lipid proteins in the kidney con-
tribute to chronic and progressive renal injury 
[14]. HMG-CoA reductase inhibitor, namely the 
statins, is commonly used in diabetic patients 
to reduce their cardiovascular risk [15], several 
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studies have shown their beneficial effect in 
treating chronic kidney disease [16-18]. On the 
other hand, statins have a range of pleiotropic 
effects which are independent of its effect on 
cholesterol metabolism, such as anti-inflamma-
tory and anti-oxidative stress effects [19]. 
Those above mentioned effects suggest statins 
may impact the development and progression 
of renal damage in T2DN. However, the detailed 
mechanisms underlying the renoprotective 
effects are not fully understood.

The present study we investigated whether sim-
vastatin could improve T2DN in a rat model or 
not and further study the underlying mecha-
nism how it could ameliorate T2DN.

Materials and methods

Regents

Simvastatin was purchased from Harbin Pharm. 
Group Sanjing Pharmaceutical Shareholding 
Co. (Harbin, China). Captopril was purchased 
from Shanghai Pukang pharmaceutical Co., 
Ltd. (Shanghai, China). Detection kits for total 
cholesterol (TC), triglyceride (TG), high density 
lipoprotein-cholesterol (HDL-c), low density lipo-
protein-cholesterol (LDL-c), serum creatinine 
(Scr), blood urea nitrogen (BUN), superoxide 
dismutase (SOD), malondialdehyde (MDA), glu-
tathione peroxidase (GSH-Px) were purchased 
from Nanjing Jiancheng, Institute of Bio- 
technology (Nanjing, China).

Animals and experimental design

Male Wistar rats aged 7 weeks (160-180 g), 
were obtained from The Experimental Animal 
Center, Jilin University, Jilin, China. The animals 
were housed in normal cages under controlled 
environmental conditions (25°C and a 12 h 
light/dark cycle) and allowed to have free 
access to standard pellet diet (SPD) and water 
ad libitum. Experiments were performed in 
accordance with the Guide for the Care and 
Use of Laboratory Animals of Jilin University, 
and approved by the ethics committee. After 
acclimatization for one week, the rats were 
divided into two groups, and were either fed 
with SPD or high-fat diet (HFD) (consisting 10% 
fat, 20% sucrose, 10% protein and 60% pulver-
ized standard rat pellet) for eight weeks. After 
overnight fasting, the rats fed with HFD were 
injected intravenously (i. v) with a single low-
dose of STZ (St. Louis, MO, USA, 30 mg/kg), 
while the rats in the normal group were given 

vehicle control buffer. Two weeks after STZ 
injection, fasting blood glucose (FBG) were test-
ed and the rats with high FBG (> 11.1 mol/L) 
were used for further experiments. Diabetic 
rats were randomly divided into three groups, 
with 20 animals in each group. The experimen-
tal groups are as followed:

Normal: Normal control group.

Model: diabetic control group.

Simvastatin: diabetic group with simvastatin 
treatment (2 mg/kg).

Captopril: diabetic group with captopril treat-
ment (10 mg/kg).

Simvastatin and captopril were given intragas-
trically once a day for 13 week. At the same 
time, normal group and model group were given 
0.5% sodium caboxy methyl cellulose (i. g.) as 
procedure control. FBG were determined during 
treatment at 0, 3, 6, 9 and 13 weeks using glu-
cometer. In the present study, captopril was 
used as positive control as it could prevent the 
progression of chronic kidney disease. 

Assessment of biochemical parameters

Serum samples were collected to determine 
high density lipoprotein-cholesterol (HDL-c), low 
density lipoprotein-cholesterol (LDL-c), total 
cholesterol (TC), triglyceride (TG), serum creati-
nine (SCr), and blood urea nitrogen (BUN). The 
measurements were carried out according to 
the manufacturer’s protocol from each kits 
(Nanjing Jiancheng, Institute of Biotechnology, 
Nanjing, China).

Determination of urine parameters

The creatinine clearance (Ccr) and 24-h urinary 
albumin excretion rate (UAER) were calculated 
according to the following formula: UAER = uri-
nary albumin (μg/ml) × 24-h urine volume (ml). 
Ccr = urinary creatinine (mg/ml) × urine volume 
(ml/kg)/creatinine in plasma (mg/ml) [20].

Determination of SOD, MDA, GSH-Px

One small portion of rat right kidney was pre-
cisely weighed. Then saline were added accord-
ing to the ratio tissue weight: saline volume = 
1:9 (w/v). After homogenization, the homoge-
nates were centrifuged at 3500 rpm for 15 
min. The activity of superoxide dismutase (SOD) 
and the contents of malondialdehyde (MDA) 
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and the levels of glutathione peroxidase (GSH-
Px) were measured with available kits (Nanjing 
Jiancheng, Institute of Biotechnology, Nanjing, 
China) according to manufacturer’s protocol. 

Histopathology and electron microscopy ex-
amination

The kidney samples were fixed in 10% formalin. 
Five micron sections were performed on the 
formalin fixed, paraffin embedded tissue of the 
kidneys, and the sections were stained with 
hematoxylin and eosin stains (HE). Slides were 
examined by pathologist under light micro-
scope (400 ×) in a blind to experimental pro-
files. For electron microscopy, kidney tissues 
were cut into small cubes (2 mm per side), and 
fixed in 4% glutaraldehyde and sent to depart-
ment of pathology for further preparations and 
examinations. 

Immunohistochemical analysis 

The expression of TGF-β1 and connective tis-
sue growth factor (CTGF) in kidney sections 
were analyzed via immunochemical staining. 
Brownish yellow granular deposits in the cells 
or matrix were interpreted as positive areas. 
Semi-quantitative evaluations of the images 
were carried out with specific software (Image 
Pro Plus 6.0).

Statistical analysis

All results are presented as Mean ± S.E.M. 
Statistical significance was determined by one-
way analysis of variance (ANOVA) followed by 
Dunnett’s test. In all cases P < 0.05 was con-
sidered statistical significant.

Results

Effects of Simvastatin on fasted blood glucose 
(FBG) in T2DN rats

After STZ injection, the rats developed typical 
symptoms of diabetes, and the FBG became 
more than 11.1 mmol/l. As shown in Figure 1, 
the FBG in model group increased significantly 
along the experimental period. From the 3rd 
week on, simvastatin (2 mg/kg) had no notice-
able influence on FBG (P > 0.05).

Effects of simvastatin on indices of kidney 
function parameters in T2DN rats

After inducing hyperglycemia with STZ, signifi-
cant increase in SCr, BUN and UAER was asso-
ciated with a decrease in UCr and CCr indicat-
ing dramatic alternation in kidney function of 
model rats. As shown in Figure 2, Simvastatin 
showed similar effects, improved renal function 
by increasing UCr, CCr (P < 0.05 or P < 0.01) 
while decreasing BUN and UAER. Simvastatin 
had no effect on SCr (P > 0.05).

Effects of simvastatin on blood lipids in T2DN 
rats

Diabetic dyslipidemia was found in diabetic 
rats as indicated by increased in LDL-c, TG, TC 
(P < 0.01 and P < 0.05) and decreased HDL-c (P 
< 0.01). Simvastatin treatment significantly 
improved diabetic dyslipidemia in T2DN rats, 
serum LDL-c, TG and TC were reduced (P < 
0.05) and HDL-c was increased (P < 0.01) 
(Table 1). 

Effects of simvastatin on oxidative parameters 
in kidney tissues of T2DN rats

STZ leads to a remarkable decrease in endog-
enous antioxidants SOD and GSH-Px (A and B) 
which was accompanied with a significant 
increase in MDA level (C) in kidney tissue, indi-
cating oxidative stress. As shown in Figure 3, 
Treatment with simvastatin and captopril, sig-
nificantly increased SOD and GSH-Px activity, 
while only captopril decreased MDA level in the 
kidney of T2DN rats.

Effects of simvastatin on histopathology in 
T2DN rats

Histological examination of kidney tissues from 
control rat kidneys by hematoxylin-eosin stain-
ing showed normal glomerular capillary wall 

Figure 1. Effects of simvastatin fasted blood glucose 
(FBG) in T2DN rats. Time course monitoring of fast 
blood glucose (FBG) level with daily simvastatin and 
captopril for 13 weeks are shown. Data are present-
ed as mean ± S.E.M. *P < 0.05 versus normal group. 
#P < 0.05 versus model group.
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Effects of simvastatin and captopril on TGF-β1 
and CTGF expression level in kidney tissue of 
T2DN rats

The expression level of TGF-β1 and CTGF were 
examined by immunohistochemistry. As show 
in Figure 6Ab, 6Af, the positive staining of TGF-
β1 and CTGF in proximal tubule and glomerular 
mesangial area were significantly enhanced 
comparing to normal group (Figure 6Aa, 6Ae). 
However, compared to model group, TGF-β1 
level showed marked reduction with simvas-
tatin and captopril (Figure 6Ac, 6Ad). As for 
CTGF, both reagents showed reducing effect, 
but were not statistically significant.

Semi quantitative analysis (Figure 6B) of posi-
tive staining area revealed that TGF-β1 and 
CTGF expression in the DN rats were increased, 
while simvastatin and captopril treatment were 
able to partially reduce the expression of CTGF, 
showing beneficial effects.

thickness and texture. In addition, no mesan-
gial expansion, mesangial hypercellularity, nod-
ular glomerulosclerosis, capsular drop, and 
hyaline thrombi were observed (Figure 4A). 

On the other hand, in the model group, the rats 
showed shrinking of the glomerular tufts, 
increase of Bowman’s space and dilations kid-
ney tubules (Figure 4B). In contrast, treatment 
with simvastatin and captopril (Figure 4C, 4D) 
significantly improved the renal lesions in dia-
betic rats.

Transmission electron microscopy (TEM) show 
normal structure of filtration barrier, The GBM 
thickness is normal and podocytefoot process-
es are equally distributed forming foot-like 
structure (Figure 5A). In the model rats, GBM 
showed segmental thickening. Podocytes pro-
cesses extensively merged together. GBM is 
segmentally increased, and the normal three-
layered filtration barrier is no longer distinguish-
able (Figure 5B). However, DN rats treated  

simvastatin generally showed 
ameliorated ultrastructure. The 
filtration barrier is basically nor-
mal, foot processes of podo-
cytes could clearly be seen, 
some area form microvilli. Part 
of the GBM show increased 
thickness. Compared to model 
group, pathological changes are 
slight.

Figure 2. Effects of simvastatin 
on indices of kidney function pa-
rameters in T2DN rats. A: SCr, B: 
Cr, C: CCr, D: BUN, and E: UAER. 
Data are presented as mean ± 
SEM. *P < 0.05, **P < 0.01, ***P < 
0.01 compared to normal group; 
#P < 0.05, ##P < 0.01 compared to 
Model group.

Table 1. Effects of simvastatin on blood lipids in T2DN rats

Group LDL-c 
(mmol/L)

HDL-c 
(mmol/L)

TG  
(mmol/L)

TC  
(mmol/L)

Normal 0.54 ± 0.07 0.65 ± 0.07 0.27 ± 0.04 1.60 ± 0.10
Model 1.02 ± 0.09** 0.42 ± 0.04** 0.42 ± 0.04* 2.12 ± 0.15*

Simvastatin 0.58 ± 0.10## 0.62 ± 0.09# 0.28 ± 0.04# 1.67 ± 0.11#

Captopril 0.80 ± 0.10 0.55 ± 0.05 0.39 ± 0.07 1.68 ± 0.23
*P < 0.05, **P < 0.01 compared with normal, #P < 0.05, ##P < 0.01 compared 
with model.
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Figure 3. Effects of Simvastatin on oxidative parameters in kidney tissues of T2DN rats. A: SOD, B: GSH-Px, C: MDA. 
Data are presented as mean ± SEM. *P < 0.05, **P < 0.01 compared to normal group; #P < 0.05, compared to Model 
group.

Figure 4. Effect of Simvastatin on the histological morphology of rats’ kidney by HE staining (400 ×). 

Figure 5. Transmission electron microscopy in kid-
ney cortex. A: a. Normal rats; b. Model rats; c. Sim-
vastatin; d. Captopril (Magnification: 15,000 ×). B: 
Quantitative analysis of GBM thickness. Values are 
presented as mean ± SEM. ****P < 0.0001 versus 
normal group; ####P < 0.0001 versus model group.
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Discussion

In the present study, we demonstrated the pro-
tective role of simvastatin against renal injuries 
in a high-fat diet, low-dose STZ induced type 2 
nephropathy rat model. Our study provides the 
evidence that simvastatin ameliorates T2DN by 
controlling lipid metabolism, modulating anti-
oxidants activities, reducing low-grade inflam-
mation, with the consequent improvement in 
renal structure and functions.

Streptozotocin (STZ) is widely used for inducing 
hyperglycemia in the studies of diabetes [21]. 
To rule out direct renal toxicity [22, 23], we 
employed low-dose STZ for our experiment. The 
protocol of high-fat diet is commonly used to 
induce insulin resistance and obesity [24, 25]. 
A combination of hyperglycemia and insulin 
resistance is an ideal way of inducing type 2 
diabetic nephropathy as after 13 weeks of 
induction, characteristics observed in the 
model group were similarly present in human 

DN, such as hyperglycemia, hyperlipidemia, oxi-
dative stress, and renal damages. According to 
previous diagnostic criteria of DN suggested by 
Mogensen [26], our study were evaluated DN 
stages 3-4.

DN is one of most common diabetic related 
complications. Albuminuria is the first indicator 
for renal damage in the early onset of DN and is 
constantly monitored in the clinic [27, 28]. The 
clearance rate of creatinine (CCr), calculated by 
the ratio of SCr over UCr, correlates with glo-
merular filtration rate, and is also used as indi-
cator for kidney function. In the present study, 
the model rats suffered from severe renal fail-
ure as indicated by elevated SCr, BUN and 
UAER and decreased UCr and CCr, comparing 
to normal group. Continuous treatment with 
simvastatin ameliorated most of these kidney 
dysfunctions of DN progression in the rats. 
Optic microscopic examinations in T2DN rats 
showed typical histological changes such as 
shrinking of the glomerular tuft, increase in 

Figure 6. Effects of Simvastatin on TGF-β1 and CTGF expression level in kidney tissue of T2DN rats. A. Kidney tissues 
stained with anti-TGF-b1, anti-CTGF antibodies (Magnification: 400 ×). a, e. Normal rats; b, f. Diabetic rats; c, g) Dia-
betic rats administered simvastatin; d, h. Diabetic rats administered Captopril (10 mg/kg). B. Semi-quantification 
of TGF-b1 and CTGF immunostaining in the glomeruli and renal tubules. Data are presented as mean ± S.E.M. 
**P<0.01 ***P < 0.001 versus normal group; #P < 0.05, ##P < 0.01, versus model group.
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Bowman’s space and kidney tubes. In addition, 
the ultrastructural study, disclosed more 
detailed injuries such as thickening of GBM, 
merging of podocyte processes were exhibited. 
In that, a partial rescue of abnormalities was 
observed in T2DN rats treated with simvas-
tatin. These findings provide further evidence 
of improvement in kidney function by simvas-
tatin in T2DN rats.

Hyperglycemia causes the production of reac-
tive oxygen species (ROS), leads to reduction-
oxidation imbalance. In line with this, oxidative 
stress has been shown work as messengers in 
multiple pathways to contribute DN progres-
sion [29-32]. Thus, eliminating oxidative stress 
is an important aspect of treating in diabetic 
nephropathy. Endogenous antioxidants such as 
SOD, GSH-Px could counteract the renal inju-
ries in diabetes [7] and that they could stabilize 
the cells in neutralized state, prevent accumu-
lation of free radicals [33]. In the present study, 
animals from model group showed reduced 
SOD and GSH-Px accompanied by an elevated 
MDA level. Treatment with simvastatin could 
restore the activity of SOD and GSH-Px while 
showing beneficial pleiotropic effect in T2DN 
rats. These results indicated that anti-oxidative 
mechanism is indispensable simvastatin-medi-
ated renoprotective effects. 

Nowadays, hyperlipidemia is an independent 
risk factor for the progression of diabetic 
nephropathy [12, 13]. Diabetic dyslipidemia is 
characterized by high LDL-c, TC, TG and low 
HDL-c and is mostly seen in patient with type 2 
diabetes [12]. Persistent filtration of lipids and 
lipid proteins in the kidney activates multiple 
signaling pathways [12, 34] and contribute to 
chronic and progressive glomerular injury [14]. 
Therefore, lipid-lowering therapy could possibly 
shed light on the treatment of DN. The lid-low-
ering therapy has been reported to protect kid-
ney functions both in animal models and in 
human cases [12, 35]. In our study, the model 
rats showed similar alterations in lipid-spec-
trum as diabetic dyslipidemia [12]. Simvastatin 
treatment rescued the dyslipidemia in diabetic 
rats, where captopril showed no effect. These 
result indicates, the lipid-lowering effect of sim-
vastatin is fundamental in protecting kidney 
function in T2DN rats.

In addition, there is a growing body of evidence 
suggesting the involvement of inflammatory 

cytokines, such as TGFβ1, CTGF in the patho-
genesis of DN [31, 36]. CTGF expression is 
associated with oxidative stress and is 
described as the downstream effector of TGF-
β1 [37]. They work together to contribute to tis-
sue fibrosis, promoting cell proliferation and 
ECM synthesis [38]. The involvement of inflam-
matory cytokines in the pathogenesis of DN, 
clearly indicates that DN is a low-inflammatory 
process [36]. Therefore, agents that have anti-
inflammatory effects should be taken consider-
ation for treating renal dysfunction in type2 dia-
betes. Several statins have been shown to 
reduce inflammatory cytokines, including CTGF 
[39]. In the present study, T2DN rats showed 
increased expression of TGFβ1, CTGF, com-
pared with that of normal group. Continuous 
treatment with simvastatin ameliorated the 
expression of TGF-β1 in the kidney of T2DN 
rats. Our results clearly indicated that anti-
inflammatory effect was one of the mecha-
nisms by which simvastatin exerted its renopro-
tective effect. 

Our results showed that STZ-induced T2DN 
could be attenuated by simvastatin. The reno-
protective effects of simvastatin was indicated 
by improvements in kidney function parame-
ters, and was attributed by its lipid-lowering 
effect as well as its anti-oxidative stress, anti-
inflammatory properties without having notice-
able influence on glycemic control. In conclu-
sion, Simvastatin ameliorates low-dose Strep- 
tozotocin-induced type 2 diabetic nephropathy 
in an experimental rat model.
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