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Abstract: Diabetic nephropathy is a common complication of type 2 diabetes and is related to the epithelial to 
mesenchymal transition. In this study, we aimed to find whether the RhoA/ROCK pathway affects the development 
of diabetic nephropathy caused by the epithelial to mesenchymal transition both in vivo and in vitro. The results 
show that inhibition of the RhoA/ROCK signaling pathway improved the pathology and degree of fibrosis in diabetic 
nephropathy as determined by hematoxylin and eosin staining and Masson staining. We also found, using immuno-
histochemistry and quantitative reverse transcription polymerase chain reaction, that a RhoA/Rock inhibitor regu-
lated relative protein and gene expression levels in a dose-dependent manner. Furthermore, the inhibitor improved 
fibrosis induced by high levels of glucose in HK-2 cells by suppressing E-cadherin, α-SMA, and FSP-1 expression. In 
conclusion, the RhoA/ROCK signaling pathway plays an important role in the development of diabetic nephropathy 
and could be a potential therapeutic target for type 2 diabetes.
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Introduction

Diabetic nephropathy (DN) is the most common 
complication of diabetes and frequently leads 
to end-stage renal disease [1]. Although type I 
and type II diabetes differ in etiology, they are 
almost indistinguishable in glucose-induced 
renal physiological changes, and both types of 
diabetes often lead to kidney injury [2-4]. The 
epithelial to mesenchymal transition (EMT), 
which leads to renal interstitial fibrosis, is an 
important pathological aspect of DN develop-
ment [5, 6].

Rho is a small guanosine binding protein, and 
Rho kinase (ROCK) is an important gene down-
stream of the RhoA activation pathway. Recent 
studies found that RhoA/ROCK signaling path-
way activation is involved in the remodeling of 
multiple tissue structures [7-9] and plays an 
important role in the occurrence and develop-
ment of complications in chronic diabetes [10]. 
However, few correlations have been found in 
vitro and in vivo between the RhoA/ROCK sig-
naling pathway and DN development. Therefore, 

in our study, we investigated the role of the 
RhoA/ROCK signaling pathway in DN develop-
ment using cell culture and animal expe- 
riments.

Materials and methods

Chemicals and reagents

TWEEN 20, bovine serum albumins (BSA), sodi-
um dodecyl sulfate (SDS), Tris, glycine, dithioth-
reitol (DTT), and phenylmethylsulfonyl fluoride 
(PMSF) were purchased from Sigma Chemical 
(St. Louis, MO, USA). Hydroxyproline assay kits 
and urine protein test kits were purchased from 
Nanjing Jiancheng Bio-engineering Institute 
(Nanjing, China). TGF-β1, fibronectin, and type I 
collagen enzyme linked immunosorbent assay 
(ELISA) kits were purchased from Abcam 
(Cambridge, UK). Primary antibodies against 
α-SMA (ab124964), E-cadherin (ab76055), and 
fibroblast-specific protein 1 (FSP-1) (ab197896) 
were purchased from Abcam (Cambridge, MA, 
UK). Ultra-pure water was acquired from a Mill 
Q-plus system (Billerica, MA).
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Animals

Adult male SD rats, with a body weight of 
203±18 g, were purchased from Nanjing Me- 
dicinal University (Nanjing, China). All animals 
were kept at 21±3°C in a 12 h light to dark 
cycle with free eating and drinking. The study 
was approved by the institutional animal care 
and use committee (BSK-046-00).

Rat model of diabetic nephropathy

A total of 35 rats were initially randomly divided 
into 3 groups as follows: normal control (NC, 9 
rats), diabetes nephropathy model (Model, 13 
rats), and Rho inhibitor (Y276312) injection in 
the caudal vein (Inhibitor, 13 rats) groups. The 
NC group was subjected to normal treatment. 
The Model and Inhibitor groups were injected 
with 40 mg/kg streptozotocin (STZ) into the 
abdomen to obtain medium diabetic rats. The 
diabetes model was evaluated by determining 
fasting plasma glucose levels 72 h after STZ 
injection: a value ≥16.7 mmol/L indicated suc-
cess. Four rats failed to become diabetic and 
were excluded from the experiments, and 3 
and 2 rats died in the Model and Inhibitor 
groups, respectively. At the end of the experi-
ments, both the NC and Model groups had 9 
rats each, and the Inhibitor group had 10 rats. 

the serum from the inferior vena cava was col-
lected and the kidney weight measured. Protein 
and creatinine were measured in the 24-h urine 
using a multifunction biochemical analyzer 
(Kubel Biological Polytron Technologies, China).

Histopathological analysis

Kidney tissues were fixed using 10% formalin 
and embedded in paraffin. Sections of 4 μm 
were cut and stained with H&E and Masson 
staining. Pathological changes were evaluated 
using an Olympus BX51 light microscope 
(Olympus, Japan) at 400× magnification and 
documented using an Olympus DP70 digital 
imaging system (Olympus, Japan). Epithelial 
proliferation, alveolitis, edema, inflammatory 
cell infiltration, and interstitial fibrosis were 
evaluated with H&E staining, and the degree of 
fibrosis with Masson staining. The degree of 
fibrosis was classified in 5 grades: 0, normal; 
0.5, slight; 1, mild; 2, moderate; and 3, severe.

Hydroxyproline analysis

About 50 mg of kidney tissue was mixed with 
hydrolysate (1 mL) from the Hydroxyproline kit 
and hydrolyzed in water at 95ºC for 20 min.  
The hydroxyproline content was determined 
according to the manufacturer’s instructions.

Immunohistochemical analysis

Kidney tissue sections stored in 10% formalin 
for 48 h and paraffin embedded were prepared 
for immunohistochemical staining. Sections 
were mounted on slides, dewaxed, hydrated, 
and boiled in a 10 mM sodium citrate buffer 
(pH 6) for 20 min and cooled at room tempera-
ture for about 30 min. After treatment with 
0.1% triton-100 for 10 min, sections were incu-
bated in 3% hydrogen peroxide for 10 min. After 
blocking with normal goat serum for 20 min at 
37°C, sections were incubated with anti-FSP-1, 
anti-α-SMA, or anti-E-cadherin antibodies at 
4°C overnight. Sections were washed and incu-
bated with peroxidase-conjugated secondary 
antibodies at 37°C for 1 h. After incubation 
with 3, 3’-diaminobenzidine tetrahydrochloride 

Table 1. The biochemical of difference groups (mean ± SD)
NC Model Inhibitor

Creatinine (μmol/L) 185.92±2.92 695.78±3.49** 406.52±2.35#

Urine protein (μg/24 h) 66.33±2.43 1464.28±2.95** 335.52±3.23#

**: P<0.01, compared to the NC group; #: P<0.05, compared to the Model group.

Figure 1. Body weight of rats in the different groups. 
*: P<0.05, vs. NC group; #: P<0.05, vs. Model.

Body weight in each group 
was measured once a week. 
After feeding for 12 weeks, 
the rats were subjected to 
fasting and the 24-h urine 
was collected. The rats were 
killed the following day, and 
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and hydrogen peroxide, sections were counter-
stained with hematoxylin. 

Cell culture analysis

The HK-2 cell line was purchased from ATCC 
(USA). Cells were cultured using the Kera- 
tinocyte-SFM kit (17005-042) containing hu- 
man recombinant epidermal growth factor 
(EGF) and bovine pituitary extract (BPE) at 37°C 
in a humidified atmosphere of 5% CO2. For EMT 

RT-qPCR assay

Total RNA of cells or tissues was extracted 
using the RNeasy kit (Qiagen, CA), and cDNA 
synthesis was performed using the High-
Capacity cDNA Reverse Transcription kit (Ap- 
plied Biosystems, CA). RT-PCR conditions were 
as follows: 95°C for 30 s, and 40 cycles at  
95°C for 5 s and 60°C for 30 s. Relative gene 
expression was determined using the 2-ΔΔCT 
method. Glyceraldehyde-3-phosphate dehydro-

Figure 2. Pathological aspects of 
rats in the different groups as deter-
mined by H&E staining (×100).

Figure 3. Fibrosis in rats of different 
groups as determined by Masson 
staining (×100).

induction, HK-2 cells were 
stimulated with D-glucose (25 
mmol/mL) for 72 h and then 
incubated with Keratinocyte-
SFM blank medium for 2 h. 
The HK-2 cells were randomly 
divided into 3 groups: the NC 
group, subjected to normal 
treatment, the Model group, 
treated with D-glucose (25 
mmol/mL), and the Inhibi- 
tor group, treated with Y276- 
312. 

ELISA

Cell culture supernatant from 
the 3 groups was collected, 
centrifuged, and stored at 
-80°C until use. The hydroxy-
proline content was deter-
mined using the ELISA kit  
following the manufacturer’s 
instructions. Absorbance was 
measured at 450 nm.

Immunofluorescence analysis

Cultured HK-2 cells from the 
different groups were fixed in 
10% formalin at room temper-
ature for 30 min, treated with 
0.1% triton-100 for 10 min, 
and incubated in 3% hydro- 
gen peroxide for 10 min. After 
blocking with normal goat 
serum at 37°C for 20 min,  
the sections were incubated 
with anti-FSP-1, anti-α-SMA, 
or anti-E-cadherin antibodies 
overnight at 4°C. Samples 
were washed, incubated with 
FITC-conjugated secondary 
antibodies at 37°C for 1 h, 
and counterstained with Ho- 
echst 33258.
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genase (GAPDH) was used as an internal refer-
ence in these experiments. Primer sequences 
were as follows: E-cadherin, F: 5’-CCAAGCA- 
GCAGTACATTCTACA-3’ and R: 5’-CATTCACATC- 
CAGCACATCCA-3’; FSP-1, F: 5’-GTGTCCACCT- 
TCCACAAGTAC-3’ and R: 5’-GCTGTCCAAGTTGC- 

24-h urine protein and creatinine levels in 
diabetic rats

Compared to the NC group, the serum creati-
nine concentration, 24-h urine protein levels, 
and kidney weight were significantly increased 

Figure 4. E-cadherin protein expression in rats from different groups as de-
termined by immunohistochemistry (×100). **: P<0.05, vs. NC group; #: 
P<0.05, vs. Model.

Figure 5. α-SMA protein expression in rats of different groups as determined 
by immunohistochemistry (×100). **: P<0.05, vs. NC group; #: P<0.05, vs. 
Model.

TCATCA-3’; α-SMA, F: 5’-AGA- 
GTTACGAGTTGCCTATG-3’ and 
R: 5’-ATGATGCTGTTGTAGGTG- 
GTT-3’; and GAPDH, F: 5’-AG- 
ATCATCAGCAATGCCTCCT-3’ 
and R: 5’-TGAGTCCTTCCACG- 
ATACCAA-3’.

Western blot analysis

HK-2 cells from the different 
groups were collected and 
lysed in ice-cold lysis buffer. 
Equal amounts of protein (30 
μg) were separated on a 12% 
SDS-polyacrylamide gel and 
transferred to a PVDF me- 
mbrane (Abcam, USA). After 
treating with 5% non-fat dry 
milk and washing with TBST, 
the membranes were incu- 
bated overnight at 4°C with 
primary antibody as follows:  
anti-E-cadherin at 1:200, an- 
tiα-SMA at 1:200, anti- FSP-1 
at 1:200, and anti-GAPDH at 
1:1000 dilution. After washing 
with TBST four times, the sec-
ondary antibody at 1:2000 
dilution was added with TBST. 
Protein was detected using 
the ECL detection kit, and 
semi-quantitated using Imag- 
Lab analysis software. GAPDH 
was used as a reference.

Statistical analysis 

Relative data were analyzed 
using SPSS 22.0 software. 
Count data are shown as me- 
an ± standard deviation (SD). 
Differences among groups 
were analyzed using one-way 
ANOVA with the LSD test, and 
P<0.05 was considered statis-
tically significant. 

Results

Body and kidney weight and 
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(P<0.01) in the Model group, 
whereas the values in the 
Inhibitor group were decr- 
eased compared to those of 
the Model group (P<0.05; 
Table 1 and Figure 1). After 
feeding for 6 weeks, signifi-
cant differences were obser- 
ved among the NC, Model, 
and Inhibitor groups (P<0.05, 
Figure 1). 

Renal histomorphological 
changes in diabetic rats 

H&E staining showed that, the 
glomerular tuft area was larg-
er, and the mesangial matrix 
index was higher in the Model 
group, compared to the NC 
group, indicating glomerular 
hypertrophy. Compared to the 
Model group, the mesangial 
matrix and glomerular hyper-
trophy expansion were imp- 
roved in the Inhibitor group 
(Figure 2).

Renal fibrosis in diabetic rats

Masson staining showed that 
the structure of glomeruli and 
renal tubules was normal, and 
no blue collagen fibrous depo-
sition was observed. The ba- 
sal membrane of the renal 
tubule was clearly visible, and 
the staining was dark red 
overall in the NC group. In the 
Model group, the renal inter-
stitium had a large amount of 

collagen proliferation, blue collagen hyperpla-
sia, collagen fibers, and glomeruli with different 
degrees of fibrosis. Compared to the Model 
group, the Inhibitor group showed less collagen 
hyperplasia and the blue collagen deposition 
decreased significantly, with the staining being 
light green. The relative data are shown in 
Figure 3.

EMT-related proteins expression in diabetic 
rats 

Relative protein expressions were determined 
in the different groups. The results show that 
E-cadherin protein expression in the Model 
group was suppressed compared to that of the 

Figure 6. FSP-1 protein expression in rats of different groups by immunohis-
tochemistry (×100). **: P<0.05, vs. NC group; #: P<0.05, vs. Model.

Figure 7. Relative gene expres-
sion in rats of different groups in 
vivo. **: P<0.05, vs. NC group; #: 
P<0.05, vs. Model.

Figure 8. Hydroxyproline concentration in rats of dif-
ferent groups as determined by enzyme linked im-
munosorbent assay. **: P<0.05, vs. NC group; #: 
P<0.05, vs. Model.
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sion in the HK-2 cell groups

Western blotting and immunofluorescence as- 
says showed that FSP-1 and α-SMA protein 
expression levels in the Model group were sig-
nificantly increased and E-cadherin levels sig-
nificantly reduced compared to those in the  
NC group (P<0.05; Figures 10 and 11, respec-
tively). In contrast, FSP-1 and α-SMA protein 
expression levels in the Inhibitor group were 
significantly reduced and the E-cadherin levels 
significantly increased compared to those in 
the Model group (P<0.05; Figures 10 and 11, 
respectively).

Discussion 

The WHO Diabetes Report pointed out that the 
incidence of adult diabetes increased from 
4.7% (1980) to 8.5% (2016), and that the num-
ber of type 2 diabetes patients exceeded 400 
million [11]. The incidence of diabetic kidney 
disease (DKD) is about 6.5% in type II patients, 
with 285 million patients and the resulting 
medical expenditure reaching more than 20 bil-
lion dollars [12, 13]. Actively exploring the 
mechanism and potential intervention targets 
of type 2 diabetes-induced DKD and fin- 
ding ways to prevent and delay DKD develop-
ment, have become an important research tar-
get in the field of kidney disease research. 
Renal tubule interstitial fibrosis is an imp- 
ortant pathological result in DKD development, 
and EMT is a core mechanism that leads to 
renal fibrosis [14]. In recent years, the impor-
tance of the Rho signaling pathway and ep- 
ithelial cell transdifferentiation has been 
emphasized [15, 16]. The RhoA/ROCK pat- 
hway is an important intracellular signaling 

Figure 9. Relative gene expres-
sion in rats of different groups 
in vitro as determined by RT-
PCR. **: P<0.05, vs. NC group; 
#: P<0.05, vs. Model.

NC group (P<0.05; Figure 4). In contrast, 
E-cadherin protein expression was significantly 
increased in the Inhibitor group compared  
toto the Model group (P<0.05; Figure 4). The 
expression levels of α-SMA and FSP-1 were sig-
nificantly increased in the Model group com-
pared to the NC group (P<0.05; Figures 5 and 
6, respectively). In addition, compared to the 
Model group, the α-SMA and FSP-1 protein  
levels in the Inhibitor group were significan- 
tly inhibited (P<0.05, Figures 5 and 6, res- 
pectively). 

Relative gene expression in diabetic rats as 
determined by RT-PCR

Compared to the NC group, the E-cadherin, 
FSP-1, and α-SMA gene expression levels  
were significantly different in the Model gro- 
up (P<0.05). However, the corresponding lev- 
els in the Inhibitor group were significantly 
improved compared to those of the Model 
group (P<0.05) in the vivo study. The relative 
data are shown in Figure 7.

Hydroxyproline levels in different HK-2 cell 
groups

Hydroxyproline levels in the Model group were 
significantly up-regulated compared to those of 
the NC group (P<0.05). In the Inhibitor group, 
hydroxyproline levels increased compared to 
those of the Model group (P<0.05). The relative 
data are shown in Figure 8.

EMT-related gene expression in the HK-2 cell 
groups

The results show that a Rho/ROCK pathway 
inhibitor suppressed HK-2 renal fibrosis in- 

duced by high glucose. RT-PCR 
assays show that E-cadherin, 
FSP-1, and α-SMA protein and 
gene expression levels in the 
Model group were significan- 
tly different compared to tho-
sein the NC group (P<0.05). 
However, in the Inhibitor gro- 
up, the E-cadherin protein and 
gene expression levels were 
significantly up-regulated, and 
the α-SMA and FSP-1 levels 
down-regulated, compared to 
those of the Model group (P< 
0.05). The relative data are 
shown in Figure 9.

EMT-related protein expres-
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pathway in the EMT process [17]. ROCK is acti-
vated by Rho and acts directly on the myosin 
light chain, increasing myosin phosphorylation 
in the cytoplasm, actin microfilament cytoskel-
eton polymerization. It also regulates the cyto-
skeleton, and controls cell adhesion, chemo-
taxis, and contraction. High levels of glucose 
can activate the Rho/ROCK signaling pathway, 
activate transcription factor AP-1, up-regulate 
fibronectin, and cause glomerular matrix pro-
tein accumulation in mesangial cells [18]. A 
ROCK inhibitor (Y27632) can block the RhoA/

ROCK pathway in diabetic rats, improving glo-
merular permeability, renal hemodynamics, 
and metabolic indicators, delaying glomerular 
sclerosis, inhibiting the formation of reactive 
oxygen species, and reducing extracellular 
matrix protein deposition [19]. However, the 
effects of a Rho/Rock inhibitor on DN develop-
ment remains unclear. In the present study, we 
investigated the effects and mechanisms of 
the Rho/Rock inhibitor Y27632 on DN develop-
ment using EMT-related assays in vitro and in 
vivo.

Figure 10. Relative protein expression in rats of differ-
ent groups as determined by immunofluorescence. 
**: P<0.05, vs. NC group; #: P<0.05, vs. Model.
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We found that the Rho/Rock inhibitor Y27632 
improved body weight reduction, serum creati-
nine levels, 24-h urine protein concentration, 
and kidney weight increase. The inhibitor also 
improved the pathology and renal fibrosis 
degree induced by type 2 diabetes in vivo and 
the reduced hydroxyproline levels, which is a 
biomarker of fibrosis in vitro. These results 
show that Y27632 improves renal fibrosis 
induced by type 2 diabetes in vitro and in vivo. 
Furthermore, we investigated the mechanism 
underlying the effects of Y27632 on renal fibro-
sis. Our results show that the epithelial cells of 
renal tubules expressed FSP-1, which is only 
expressed on fibroblasts after stimulation with 
high levels of glucose. Therefore, EMT is seen 
in epithelial cells of renal tubules [20]. E-cad- 
herin, FSP-1, and α-SMA are biological markers 
that participate in the EMT [21-24]. In our study, 
both FSP-1 and α-SMA gene and protein ex- 
pression levels were significantly stimulated, 
and E-cadherin significantly suppressed, in the 
Model group compared to those in the NC 
group, indicating that the renal fibrosis was 
associated with EMT induced by type 2 diabe-
tes (high glucose). However, FSP-1 and α-SMA 
gene and protein expression levels were signifi-
cantly down-regulated, and E-cadherin signifi-
cantly up-regulated, after the Y27632 treat-
ment. Based on these results, we conclude 
that the Rho/ROCK pathway might play an 
important role in renal fibrosis induced by type 
2 diabetes (in vivo) and high glucose environ-
ment (in vitro). 

In conclusion, the Rho/Rock signaling pathway 
is an important potential target for treatment of 
renal fibrosis-induced type 2 diabetes in vivo 
and in vitro.
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