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Abstract: This study aims to investigate the effects and mechanisms of simvastatin on podocyte injuries in diabetic 
rats. Streptozotocin was used to induce diabetes in a rat model. Three groups were tested: normal control (NC) 
group, diabetes mellitus control (DM) group, and simvastatin (SVT) group. The serum creatinine, cholesterol, and 
urinary albumin excretion rate (UAER) were measured 4 to 8 weeks after administering either saline or the drug. 
Renal pathological changes were observed, and immunohistochemistry was performed to determine the expres-
sion of nephrin, podocin, and vascular endothelial growth factor (VEGF). Real-time PCR was performed to detect the 
mRNA expression levels of nephrin, podocin, and VEGF. Serum creatinine levels and the UAER were higher in the DM 
group than in the NC group (P < 0.01). The protein and mRNA expression levels of nephrin and podocin were lower 
in the DM group than in the NC group (P < 0.01); whereas, the expression of VEGF protein and mRNA was higher 
in the DM group than in the NC group (P < 0.01). Simvastatin (SVT) could reduce serum creatinine levels and the 
UAER, maintain the expression of nephrin and podocin, reduce the expression of VEGF, and improve the pathologi-
cal changes of podocytes, which were much more pronounced at 8 weeks (P < 0.01). Simvastatin could maintain 
the distribution of nephrin and podocin in podocytes, inhibit VEGF expression, and thus improve podocyte injuries 
and protect kidney functions in diabetic rats.
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Introduction

Diabetes mellitus is a an increasingly common 
and serious disease that threatens global 
human health. Every year, the morbidity rate of 
diabetes mellitus increases [1]. Diabetic 
nephropathy (DN) is among the most serious 
microvascular complications in diabetes, which 
can result in end-stage renal disease (ESRD) 
and eventually death [2]. The main clinical man-
ifestations of DN include proteinuria, reduced 
glomerular filtration rate, and eventually ESRD 
[3]. Major pathological features of DN are the 
proliferation of renal glomerular mesangial 
cells and matrix, tubular atrophy, interstitial 
fibrosis, and glomerular sclerosis. The patho-
genesis of DN is complex, and has not been 
fully elucidated to date. In recent years, numer-
ous studies have shown that an impairment of 
podocytes, which are a major cell type of the 
glomerulus, plays an important role in the 

pathogenesis of DN [4]. Podocytes, which are 
positioned at the inner lining of the glomerular 
capsule, together with the basement mem-
brane and endothelial cells constitute the glo-
merular filtration barrier. Podocyte hypertrophy, 
degeneration, shedding and loss result in a dis-
ruption of the glomerular filtration barrier, which 
leads to proteinuria and deterioration in DN. 
The podocyte proteins, nephrin and podocin, 
are major constituents of the slit diaphragm 
required to maintain the selective permeabi- 
lity of the glomerular filtration barrier [5, 6]. 
Proteinuria, glomerulosclerosis, and renal func-
tion deterioration can be caused by the down-
regulation of nephrin and podocin, which result 
in structural and functional damage to the 
podocyte slit diaphragm [7]. 

Research concerning changes in the expres-
sion of podocyte proteins has become more 
popular in recent years. Vascular endothelial 
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growth factor (VEGF), which is mainly secreted 
by podocytes, might be overexpressed in DN 
and thus might be involved in the pathophysiol-
ogy of proteinuria and DN. Recently, crosstalk 
between VEGF and nephrin signaling has been 
suggested; however, further studies are re-
quired to confirm bona fide crosstalk. Statins 
are 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) 
reductase inhibitors, which inhibit the synthe-
sis of mevalonate, thereby reducing intracellu-
lar cholesterol levels and lowering systemic 
lipid levels. Statins have also been shown to 
affect cellular processes not directly related to 
lipid metabolism including: inhibition of cell pro-
liferation and inflammation, and regulation of 
the cell cycle and the expression of microRNAs 
[8]; thus, statins could potentially be used in 
other clinical applications. In DN, statins inhib-
ited mesangial cell proliferation, reduced extra-
cellular matrix accumulation, improved endo-
thelial function, regulated renal blood flow, pro-
tected podocytes, and alleviated renal tubu-
lointerstitial injury [9, 10]. Blanco et al. found 
that in obese Zucker diabetic rats (OZR) mod-
els, atorvastatin delayed podocyte injury (PI) 
and preserved kidney function through lipid-
lowering and non-lipid-lowering effects [11]. 
Shibata et al. confirmed that fluvastatin pro-
tected against PI by inhibiting foot process 
apoptosis and podocyte (F-actin) cytoskeletal 
protein disassembly [12]. Although the protec-
tive effects of statins in DN are evident, the 
specific mechanisms remain to be elucidated.

Therefore, the objectives of our study were to 
determine whether simvastatin could protect 
against glomerular PI and DN in diabetic rats 
and to further explore the mechanisms of  
simvastatin’s effects, which would establish a 
theoretical basis for its potential clinical app- 
lications.

Materials and methods

Animal care and preparation of the diabetic 
model

A total of 60 male specific pathogen free (SPF) 
Sprague Dawley (SD) rats, 8 weeks old and 
weighing 180-200 g, were purchased from Vital 
River Laboratory Animal Technology Co. Ltd. 
(Beijing, China) and bred at the Experimental 
Animal Center of Capital Medical University 
(Beijing, China). The rats were kept in a well-
ventilated room, which was maintained at room 

temperature (22-25°C) and at a relative humid-
ity of 50-70%, in a 12:12 h light-dark cycle. The 
rats were given ad libitum access to standard 
pellet feed and water for 7 days. This study was 
carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use 
of Laboratory Animals of the National Institutes 
of Health. The animal use protocol has been 
reviewed and approved by the Institutional 
Animal Care and Use Committee (IACUC) of 
Capital Medical University.

Forty out of the 60 rats were randomly select-
ed, fasted and injected once intraperitoneally 
with streptozotocin (STZ dosage: 60 mg·kg-1 
body weight; dissolved in 0.1 M citrate buffer, 
pH 4.4) (Sigma, USA). After 72 h, a sample of 
tail vein blood was collected, and the blood 
sugar level measured; rats with a blood sugar 
level ≥16.7 mM were deemed positive for dia-
betes. The remaining 20 rats were injected with 
an equal volume of citrate buffer, which repre-
sented the negative control. Among the 40 rats 
injected with STZ, one was deemed negative 
for diabetes based on the blood sugar level. In 
this case, we may have failed to properly inject 
STZ into the abdominal cavity. Among the 39 
diabetic rats, 3 died of dehydration induced by 
high sugar levels or diabetic ketoacidosis.

Experimental design and groups

The 36 diabetic rats were randomly divided  
into two groups: the diabetes mellitus control 
group (DM group, n=18) or the simvastatin 
group (SVT group, n=18). The 20 non-diabetic 
rats constituted the normal control group (NC 
group). Rats from the NC and DM group were 
orally administered normal saline, and those in 
the SVT group were administered simvastatin 
(10 mg·kg-1·day-1, brand name: Zocor; Lot num-
ber: 011124) (Hangzhou MSD Pharmaceutical 
Co. Ltd., China). The day that rats were orally 
administrated saline or SVT was considered 
day 0 of the study. During the study, rats had ad 
libitum access to water and feed, and the bed-
ding materials were kept dry. Two rats died of 
suffocation during oral administration of saline 
or SVT; as a result, 18 rats remained in each 
group (DM and SVT).

Sample collection

At 4 and 8 weeks after oral administration of 
either saline or SVT, rats were placed into meta-
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bolic cages and urine was collected over a 24-h 
period. Rats were anesthetized with an intra-
peritoneal injection of 1% sodium pentobarbital 
(40 mg·kg-1 body weight), and the heart blood 
was collected and centrifuged to obtain the 
serum. Kidneys were dissected, and a sample 
of the tissue was fixed in 10% neutral formalin. 
Another sample of the renal cortex (1 mm3) was 
fixed in 2.5% glutaraldehyde (0.1 M phosphate 
buffer, pH 7.4) at 4°C for 4 h. The remainder of 
the renal cortex was stored in liquid nitrogen.

Metabolite, protein, and lipid detection

The serum blood glucose (BG), serum creati-
nine, triglyceride (TG), total cholesterol (TC) and 
low density lipoprotein-C (LDL-C) levels were 
detected using an automatic biochemical ana-
lyzer, AU5400 (Olympus, Japan). Urine albumin 
level was detected with an automatic protein 
analysis system (Dade Behring BN Prospec, 
USA) that uses the chemiluminescence meth-
od. The urinary albumin excretion rate (UAER) 
was calculated as UAER = Urinary albumin 
level/1,440 min.

Histopathological observation

For light microscopy, formalin-fixed renal tis-
sues were paraffin-embedded and cut into 
4-μm-thick slices. Slices were dewaxed and 
rehydrated, stained with periodic-acid Schiff 
(PAS) stain and observed with an Olympus 
U-25ND25 microscope (Olympus, Japan).

For transmission electron microscopy (TEM), 
glutaraldehyde-fixed renal cortex tissues were 
rinsed with 0.18 mM sucrose phosphate buffer, 
and then fixed in 1% osmium tetroxide at 4°C 
for 2 h. Stained tissues were dehydrated in a 
graded acetone series, embedded by impreg-
nating with Epon 812 resin in acetone, and sec-
tioned. Semi-thin sections were stained with 
1% toluidine blue and positioned under an opti-
cal microscope. Ultrathin sections were placed 
on copper grids, and stained with uranyl ace-
tate at room temperature for 15-30 min. Grids 
were rinsed with distilled water and dried with 
filter paper before and after staining with lead 
citrate at room temperature for 10-20 min. 
Sections were imaged with a JEM-1230 trans-
mission electron microscope (Electronics Co. 
Ltd., Japan). The lengths of the glomerular 
basal membranes (m) and the numbers of foot 
processes (n) were measured, and the foot pro-

cess width (FPW) was calculated using the for-
mula FPW = π/4·(Σm/Σn) [13].

Immunohistochemistry

The Elivision two-step method was used. Four 
micron paraffin sections were dewaxed, rehy-
drated, and digested with trypsin for antigen 
retrieval. Endogenous peroxidases were block- 
ed with 3% hydrogen peroxide and rinsed with 
PBS buffer (0.01 M, pH 7.4). Rabbit anti-rat 
nephrin (1:75 dilution) (Boster, Wuhan, China), 
rabbit anti-rat podocin (1:100 dilution) (Boster, 
Wuhan, China) and rabbit anti-rat vascular 
endothelial growth factor (VEGF) (1:50 dilution) 
(Santa Cruz, USA) were added dropwise. The 
anti-nephrin and anti-podocin antibodies were 
incubated at 37°C for 30 min; the anti-VEGF 
antibody was incubated at 4°C overnight. The 
secondary antibody (IgG) was then added drop-
wise and incubated at 37°C for 30 min. DAB 
staining was performed under a microscope. 
Staining was followed by dehydration with a 
graded alcohol series, xylene hyalinization, and 
neutral gum mounting. PBS was used in place 
of the primary antibody and was considered the 
negative control.

In semi-quantitative immunohistochemical an- 
alysis, brown granules inside glomeruli were 
defined as positive expression. The Image Pro 
Plus 6.0 professional image analysis software 
was used for the semi-quantitative analysis of 
the immunohistochemical results. In each slice, 
10 non-overlapping fields-of-view (× 400) were 
selected, and the average optical density and 
the area of immunopositive signals of nephrin, 
podocin and VEGF inside the glomerulus were 
measured. We calculated a positive signal 
index (RI), which expresses the relative immu-
nopositive content, using the following formula: 
RI = average optical density of positive signal × 
positive signal area/glomerular area × 100%. 
The average RI values for each group were 
compared.

Real-time PCR

Total RNA was extracted using a TRIzol one-
step method and reverse transcribed into cDNA 
using reverse transcriptase at 37°C for 50 min 
(hold at 70°C for 15 min). The resulting cDNA 
from the NC group was then used as a tem-
plate, and the primers, which were designed for 
conventional PCR amplification, were used to 
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construct plasmids for each gene. The Promega 
plasmid extraction kit was used to isolate plas-
mids. The copy numbers of plasmids were cal-
culated, and the plasmids were serially diluted 
10-fold to prepare standards for quantitative 
PCR amplification. The dilution series of plas-
mids ranged between 103 to 1010 copies/μL. 
For instance, the following 4 concentrations 
might be used for a standard curve: 105, 106, 
107 and 108 copies/μL. The ABI Prism 7000 
real-time PCR instrument (ABI, USA) was used 
for real-time quantitative PCR detection, and 
the associated software was used to design 
the two-step real-time PCR reactions. The 
results of sample measurement were calculat-
ed and converted to copy numbers according to 
the standard curve.

The sequences of PCR primers used to con-
struct plasmids are shown in Table 1, and the 
PCR primers and probe sequences used for 
quantitative PCR are shown in Table 2.

Statistical analysis

Data were expressed as the 
_
x  ± s.d. Com- 

parisons between groups were performed us- 
ing the t-test. Correlations among variables 
were determined with multivariate regression 
analysis. P < 0.05 was considered a significant 
difference. The SPSS16.0 software was used 
for statistical analysis.

Results

Effect of SVT on serum creatinine and lipid 
levels in diabetic rats

At 4 and 8 weeks after administering saline, 
serum creatinine levels were elevated in the 
DM group compared to in the NC group. At 4 
weeks after administering either saline or SVT, 
serum creatinine levels were reduced in the 

group compared to the DM group (P < 0.01). At 
4 and 8 weeks after administering saline or 
SVT, there was no significant difference in blood 
lipids between the SVT group and the DM group 
(Table 3).

Effect of SVT on histopathological changes in 
diabetic rats

Light microscopy imaging of PAS stained tis-
sues revealed that pathological changes of the 
renal tissue were not obvious at 4 weeks. 
However, at 8 weeks, mild mesangial prolifera-
tion was evident in tissues from the DM group. 
In addition, although the proliferative width was 
less than the diameter of capillaries showing 
segmental distribution, tubular epithelial cells 
fell off and exhibited vacuolar degeneration. 
These pathological features were milder in the 
SVT group than in the DM group (Figure 1).

Pathological changes to the slit diaphragm 
were also assessed using transmission elec-
tron microscopy. Glomerular structures in the 
NC group were normal: foot processes were 
normal and evenly distributed, and structures 
of the slit membrane were clear. Four weeks 
after administering saline or SVT, pathological 
changes to glomeruli were not obvious in the 
DM group or the SVT group. However, at 8 
weeks, pathological features in tissues of the 
DM group were evident and included: mild dif-
fusive widening of the glomerular mesangium 
and matrix, slight swelling of foot processes, 
fusion of small segments of foot processes, 
and the partial reduction and disappearance of 
slit membranes. The FPW was increased in the 
DM group compared to in the NC group (P < 
0.01). Treatment with SVT partially prevented 
the pathological changes, including the fusion 
of foot processes and an increase in FPWs (P < 
0.05), induced by high blood sugar levels 
(Figure 2).

Table 1. PCR primer sequences for nephrin, podo-
cin and VEGF plasmid construction
Gene Primers Product
Nephrin-F 5’-TGCTGAAGGCGAGGACAT-3’ 275 bp
Nephrin-R 5’-TGTAGGAAACGGGTGTTGTGAAG-3’
Podocin-F 5’-CCAAAGCCATCCAGTTCC-3’ 300 bp
Podocin-R 5’-TCTCAGCCGCCATCCTCA-3’
VEGF-F 5’-GTCACTATGCAGATCATGCGGA-3’ 253 bp
VEGF-R 5’-TTACACGTCTGCGGATCTTGG-3’

SVT group compared to in the DM group, 
although the difference was not statistically 
significant. However, at 8 weeks, serum creati-
nine levels were significantly reduced in the 
SVT group compared to in the DM group (P < 
0.01). At 4 and 8 weeks after administering 
saline, the UAER was higher in the DM group 
than in the NC group (P < 0.01). At 4 weeks 
after administering either saline or SVT, the 
UAER was not significantly between the SVT 
group and the DM group; whereas, at 8 weeks, 
the UAER was significantly reduced in the SVT 
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Effect of SVT on nephrin, podocin, and VEGF 
protein expression in diabetic rats

Nephrin and podocin were expressed on the 
glomerular slit membrane and were evenly and 
linearly distributed along the glomerular capil-
lary loop (positive expression was brown). The 
expression of nephrin and podocin was reduced 
and unevenly distributed in the DM group com-
pared to the NC group at 4 weeks; these chang-
es were more significant at 8 weeks. After 4 
and 8 weeks of SVT treatment, the expression 
of nephrin and podocin (P < 0.01 and P < 0.05, 
respectively) and their even, linear distribution 
were partially restored in the SVT group com-
pared to in the DM group (Table 4; Figure 3).

Four and eight weeks after administering saline 
or SVT, the expression of VEGF was higher in 
the DM group than in the NC group (P < 0.05 
and P < 0.01, respectively), whereas it was 
lower in the SVT group than in the DM group (P 
< 0.05) (Table 4; Figure 3).

Effect of SVT on nephrin, podocin and VEGF 
mRNA expression in diabetic rats

Four and eight weeks after administering saline 
or SVT, the mRNA expression of nephrin and 
podocin was reduced in the DM group com-
pared to in the NC group (P < 0.01, Table 5) and 

increased in the SVT group compared to in the 
DM group (P < 0.01, Table 5). At these same 
timepoints, the mRNA expression of VEGF was 
higher in the DM group than in the NC group (P 
< 0.01, Table 5) and lower in the SVT group 
compared to in the DM group (P < 0.05, P < 
0.01, Table 5).

Correlation analysis

The UAER was negatively correlated with neph-
rin and podocin mRNA expression (r = -0.685, r 
= -0.721, P < 0.01), and positively correlated 
with VEGF mRNA expression (r = 0.633, P < 
0.01). Expression of nephrin and podocin 
mRNA was negatively correlated with VEGF 
mRNA (r = -0.929, r = -0.931, P < 0.01).

Discussion

Podocytes, which are one of the main cell types 
that constitute the glomerular filtration barrier, 
are injured in diabetes, resulting in proteinuria 
and DN [14]. Foot processes, which interdigi-
tate to form bridging structures known as  
slit diaphragms, are characteristic features of 
podocytes. Multiple proteins, including neph-
rin, podocin, CD2AP, podocalyxin, TRPC6, etc., 
maintain the integrity of the podocyte slit dia-
phragm [15]. Nephrin is the earliest discovered 
protein that is specifically located in the podo-

Table 2. Real-time PCR primers and probe sequences of nephrin, podocin and VEGF
Gene Primers Product Probes
Nephrin-F 5’-GAAGTACGAATGGACCCCTATGA-3’ 63 bp 5’-FAM-CTTCGCTGGCCTGAGGTCCA-TAMRA-3’
Nephrin-R 5’-TCCCCTCGGATCCTCACA-3’
Podocin-F 5’-CAGCTGGGCTTCAGCACTCT-3’ 62 bp 5’-FAM-TGGCTGTGGAAGCTGAGGCAC-TAMRA-3’
Podocin-R 5’-CCGCACTTTGGCCTGTCTT-3’
VEGF-F 5’-CGCAAGAAATCCCGGTTTAA-3’ 69 bp 5’-FAM-TCCTGGAGCGTTCACTGTGAGC-TAMRA-3’
VEGF-R 5’-CAAATGCTTTCTCCGCTCTGA-3’

Table 3. Changes of BG, Scr, UAER, TG, TC and LDL-C among the experimental groups (
_
x  ± s)

Group N BG (mmol/l) Scr (umol/l) UAER (μg/min) TG (mmol/l) TC (mmol/l) LDL-C (mmol/l)
Week 4 NC 9 3.41±1.76 54.92±6.27 0.81±0.28 1.54±0.26 0.41±0.12 0.72±0.13

DM 9 29.99±3.30** 65.58±8.66* 9.65±1.23** 1.82±0.17 0.64±0.15** 0.88±0.13
SVT 9 31.75±7.61** 58.63±4.88 10.81±9.47 1.90±0.23 0.91±0.56 0.57±0.35

Week 8 NC 9 1.23±0.99 58.80±4.20 0.93±0.11 1.57±0.22 0.34±0.05 0.58±0.08
DM 9 25.41±3.10** 75.43±4.41** 11.13±1.05** 1.89±0.11** 0.70±0.12** 0.96±0.11**

SVT 9 26.66±5.24** 59.95±2.96ΔΔ 4.41±1.54ΔΔ 1.83±0.16 0.70±0.13 0.94±0.10
Note: *Compared with NC group in the same period, P < 0.05, **Compared with NC group in the same period, P < 0.01; 
ΔΔcompared with DM group in the same period, P < 0.01.
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cyte slit membrane area. Podocin connects 
nephrin and CD2AP via its C-terminus to form a 
“zipper-type” filtration barrier and to maintain 
the normal structures and functions of the glo-
merular filtration membrane. Previous studies 
have shown that the expression of nephrin and 
podocin was lower in diabetic rats than that in 
normal controls [16]. In diabetic patients, 
reduced expression of nephrin and podocin 
occurred earlier than ultrastructural changes of 

the podocyte and the occurrence of proteinuria 
[17]. Therefore, nephrin can be used to poten-
tially indicate early glomerular podocyte inju-
ries [18]. In our studies, TEM showed that foot 
processes were mildly swollen and had fused in 
small segmental areas, and that partial slit 
membranes were reduced or missing 8 weeks 
after inducing a diabetic state. The expression 
of nephrin and podocin mRNAs and proteins 
were reduced in diabetic rats compared to in 

Figure 1. Renal pathological changes under light microscope in the post-modeling week 8 (PAS staining, × 400). 
Note: A for normal control (NC) group; B for diabetes mellitus control (DM) group; C for simvastatin (SVT) group.
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normal rats, and positively correlated with the 
urinary albumin excretion rate. These results 
are consistent with those previously reported in 
the above-mentioned studies: proteinuria and 
DN are correlated with the reduced expression 
the podocyte membrane-associated proteins, 
nephrin and podocin, and changes in expres-
sion of nephrin and podocin might change the 
permeability of the glomerular filtration mem-
brane by affecting the integrity of the foot 
processes.

VEGF is mainly secreted by podocytes, and can 
bind to VEGF receptors on glomerular endothe-
lial cells and mesangial cells. Thus, VEGF and 
VEGF signaling are involved in the pathophysiol-
ogy of DN [19]. When blood glucose levels are 
high, VEGF might be overexpressed, which 
would promote the proliferation of endothelial 
cells, increase glomerular capillary permeabili-
ty, result in high glomerular filtration, promote 

family, and nephrin signaling was suggested 
[25, 26]. Previous studies have also found that 
Notch signaling might influence VEGF and 
nephrin signaling. Activation of Notch-1 signal-
ing in diabetic patients or in diabetic rats result 
in the increased production of VEGF by podo-
cytes, downregulation of nephrin, and increased 
apoptosis. Conversely, inhibiting Notch-1 sig-
naling inhibited VEGF signaling and improved 
proteinuria in diabetic patients and rats [27]. In 
our study, we observed that the expression of 
VEGF mRNA and protein increased in diabetic 
rats compared to that in normal rats, and was 
negatively correlated with the expression of 
nephrin and podocin. 

Statin’s ability to lower serum cholesterol, 
especially LDL-C, has been widely accepted as 
its mechanism-of-action in clinical applications 
and has been suggested to account for its  
protective effects in kidney diseases, which 

Figure 2. Changes of podocyte foot processes among the experimental group under TEM in the post-modeling week 
8 (TEM, × 15000). Note: A for normal control (NC) group; B for diabetes mellitus control (DM) group; C for simvas-
tatin (SVT) group.

Table 4. Immunohistochemical semiquantitative 
analysis of nephrin, podocin and VEGF in renal tissues 
among groups (RI value) (%, _x  ± s)

Group N Nephrin Podocin VEGF
Week 4 NC 9 8.11±1.21 7.59±1.73 0.31±0.15

DM 9 4.08±0.52** 4.41±1.04** 1.86±0.72*

SVT 9 5.64±0.85ΔΔ 5.62±0.20Δ 0.89±0.27Δ

Week 8 NC 9 8.45±1.50 7.49±1.43 0.11±0.05
DM 9 1.85±0.41** 1.84±0.43** 2.28±0.97**

SVT 9 3.80±0.40ΔΔ 2.73±0.65Δ 1.25±0.54Δ

Note: *Compared with NC group in the same period, P < 0.05, 
**compared with NC group in the same period P < 0.01; Δcompared 
with DM group in the same period P < 0.05, ΔΔcompared with DM 
group in the same period P < 0.01.

oxidative stress, enhance transforming 
growth factor-beta (TGF-β) levels [20], and 
eventually result in proteinuria and glo-
merulosclerosis. Previous studies have 
shown that early in DN, injured podocytes 
release large amounts of VEGF, and that 
VEGF mRNA expression in the circulation 
and in kidney tissues was increased [21, 
22]. Serum VEGF levels were positively 
correlated with the urinary albumin excre-
tion rate [23]. Even when albuminuria was 
not evident, VEGF was detected in urine, 
suggesting that VEGF may be used as a 
sensitive biomarker for the early diagnosis 
of DN [24]. In recent years, crosstalk 
between VEGF-A, a member of the VEGF 
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include reducing proteinuria, improving the glo-
merular filtration rate and renal function. In 
recent years, other pleiotropic effects of statins 
are being recognized: alleviate inflammation, 
retard proliferation, prevent oxidative stress, 
improve endothelial functions [28] and reduce 
podocyte injuries, etc. [29]. Recent studies 
have also shown that statins could reduce uri-
nary albumin excretion and serum cystatin C 
levels in DN patients independently of changes 

functions and structures may not rely on its lip-
id-lowering effects. Simvastatin could also alle-
viate the pathological changes of podocytes in 
diabetic rats. With SVT treatment, we observed 
improvement of the fusion of foot processes, 
partial restoration of the normal structures of 
the slit membrane, upregulation of protein and 
mRNA levels of podocyte-associated proteins 
(nephrin and podocin), maintenance of the 
even and linear distribution of nephrin and 

Figure 3. Expression of glomerular nephrin, podocin and VEGF in the post-modeling week 8 among groups (immu-
nohistochemistry, × 400).

Table 5. mRNA expression of nephrin, podocin and 
VEGF among groups (lg copies/μl, 

_
x  ± s)

Group N Nephrin Podocin VEGF
Week 4 NC 9 7.96±0.25 8.08±0.15 1.76±0.21

DM 9 4.90±0.22** 6.42±0.09** 3.96±0.19**

SVT 9 6.33±0.36ΔΔ 7.05±0.15ΔΔ 2.47±0.16Δ

Week 8 NC 9 7.93±0.47 8.14±0.10 1.99±0.09
DM 9 5.31±0.22** 6.25±0.20** 4.87±0.17**

SVT 9 7.18±0.27ΔΔ 7.47±0.14ΔΔ 3.31±0.14ΔΔ

Note: **Compared with NC group in the same period P < 0.01; 
Δcompared with DM group in the same period, P < 0.05, ΔΔcompared 
with DM group in the same period, P < 0.01.

to blood pressure and blood lipids [30, 
31]; however, the exact mechanisms were 
not elucidated. In our study, we observed 
that 8 weeks after administering simvas-
tatin, it reduced the serum creatinine lev-
els and urinary albumin excretion in dia-
betic rats, and partially prevented patho-
logical changes, such as glomerular me- 
sangial proliferation and renal tubule vac-
uolar degeneration, in diabetic rats. Im- 
portantly, we did not observe any effects 
on serum lipids in rats treated with simv-
astatin, which demonstrated that the pro-
tective effects of simvastatin on renal 
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podocin in the slit membrane, and reduction of 
VEGF expression in renal tissues of diabetic 
rats, which was negatively correlated with the 
expression of nephrin and podocin in podo- 
cytes. 

In summary, this study confirmed that podocyte 
injuries were closely related to proteinuria and 
DN. Simvastatin could prevent podocyte injury, 
improve kidney lesions, maintain the proper 
expression and distribution of podocyte-associ-
ated proteins (nephrin and podocin), and inhibit 
VEGF expression. Our findings might provide a 
theoretical basis for statins’ clinical applica-
tions in DN, although the exact molecular 
mechanisms still require further elucidation.
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