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Abstract: Shenkang injection (SKI), a modern preparation of Chinese patent medicine, has been widely applied 
to clinical therapy in the chronic renal failure patients. However, it remains elusive whether SKI can ameliorate 
tubulointerstitial fibrosis (TIF) in vivo. Recently, pericyte-myofibroblast transition (PMT) plays an important role in 
the pathogenesis of TIF in obstructive nephropathy (ON). This report thus aims to demonstrate the therapeutic 
mechanisms of the dose-effects of SKI on TIF by targeting PMT and its signaling activation, compared with imatinib. 
All rats were divided into 5 groups, the sham-operated group, the vehicle-intervened group, the high dose of SKI-
treated group, the low dose of SKI-treated group and the imatinib-treated group. The ON model rats were induced by 
unilateral ureteral obstruction (UUO), and administered with either the different doses of SKI or imatinib before and 
after modeling and for a period of 4 weeks. The changes before and after drugs intervention in TIF and PMT mark-
ers, and in platelet-derived growth factor receptor (PDGFR) and vascular endothelial growth factor receptor (VEGFR) 
signaling pathways activation in the kidneys were analyzed, respectively. As a result, PMT trigger was persistently 
accompanied with TIF exasperation in the obstructed kidneys after UUO, and that SKI definitely targeted PMT and 
significantly diminished TIF in vivo. In addition, the high dose of SKI, superior to imatinib, specifically blocked PMT 
through inhibiting the activation of PDGFR and VEGFR signaling in the kidneys of the UUO model rats. Overall, these 
findings may further suggest that targeting PMT can provide new strategies for ON treatment. 

Keywords: Shenkang injection, tubulointerstitial fibrosis, pericyte-myofibroblast transition, platelet-derived growth 
factor receptor signaling pathway, vascular endothelial growth factor receptor signaling pathway, obstructive ne-
phropathy 

Introduction

It is now well recognized that the rate of pro-
gression of chronic kidney disease (CKD) cor-
relates with the degree of renal fibrosis, espe-
cially tubulointerstitial fibrosis (TIF) in cortical, 
which is characterized by tubular atrophy, inter-
stitial extracellular matrix (ECM) accumulation, 
inflammatory cell infiltration and fibroblast pro-

liferation/differentiation in renal interstitium [1, 
2]. Recently reported studies have highlighted 
an important role for renal pericytes in the 
pathogenesis of TIF in obstructive nephropathy 
(ON) induced by unilateral ureteral obstruction 
(UUO) [1, 3-8]. Renal pericytes are extensively 
branched cells embedded within capillary base-
ment membrane, and stabilize vascular net-
work through tissue inhibitor of metalloprotein-
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ase (TIMP)-3 and the receptors of angiogenic 
growth factors including platelet-derived growth 
factor (PDGF) and vascular endothelial growth 
factor (VEGF) [3, 9]. Furthermore, renal peri-
cytes detach from endothelial cells and migrate 
into tubulointerstitial space where they under-
go a transition into myofibroblasts during the 
progression of TIF in CKD [6]. More importantly, 
the trigger of pericyte-myofibroblast transition 
(PMT) leads to microvascular rarefaction and 
TIF formation [10]. Therefore, blocking PMT in 
response to fibrotic injury has been identified 
as a new therapeutic target in the treatment of 
TIF. 

PDGF receptor (PDGFR) signaling is made of 
four types of ligands including PDGF-A, -B, -C 
and -D and two receptors including PDGFRα 
and PDGFRβ. PDGFR possesses tyrosine kin- 
ase activity and can be autophosphorylated 
upon ligand binding. The components of PDGFR 
signaling system are expressed constitutively 
or inducibly in the kidney including pericytes, 
endothelial cells, tubular epithelial cells and 
interstitial cells [11]. In addition to PDGFR, 
VEGF receptor (VEGFR) signaling at endothelial 
cells induced soon after renal injury stimulates 
profibrotic factors in the kidney to activate PMT 
[4]. The increasing evidences in ON and isch-
emia-reperfusion injury have been shown that 
PDGFR signaling at pericytes and VEGFR signal-
ing at endothelial cells play the cooperative role 
during PMT trigger and TIF formation in vivo. 
When either PDGFR signaling or VEGFR signal-
ing is blocked by circulating soluble receptor 
ectodomains, microvascular rarefaction and 
TIF are markedly attenuated in the obstructed 
kidneys [12]. Hence, inhibiting the activation of 
PDGFR and VEGFR signalings is also consid-
ered as a prime therapeutic target in the trigger 
of PMT. 

As is known to all, Chinese herbal compound 
preparations including the traditional oral prep-
arations and the modern intravenous prepara-
tions [13, 14] have a unique therapeutic action 
in chronic diseases. Thereinto Shenkang injec-
tion (SKI, the local name in China), which is 
developed from the famous and experienced 
doctors in traditional Chinese medicine (TCM) 
and consist of the extracts from 4 medicinal 
plants: radix et rhizoma rhei (Dahuang, the 
local name in China), radix astragali (Huangqi, 
the local name in China), radix salviae miltior-
rhizae (Danshen, the local name in China) and 

Flos carthami (Honghua, the local name in 
China), has been frequently used to treat TIF in 
chronic renal failure (CRF) patients for nearly 
20 years in China [15]. At present, it has been 
approved by the China State Food and Drug 
Administration for the treatment of CRF as a 
modern intravenous preparation of Chinese 
patent medicine (Z20040110). Xu et al. and 
Yao et al. recently reported the preliminary high 
performance liquid chromatography (HPLC) fin-
gerprint analysis of SKI, showing several types 
of bioactive compositions subjected to strict 
quality control in the production [16, 17]. In clin-
ics, SKI can effectively ameliorate renal dys-
function and TIF for CKD patients at stage III to 
stage IV [15]. The preliminary pharmacological 
studies expounded that SKI can suppress renal 
fibrosis and oxidative stress in 5/6 nephrecto-
mized rats through regulating transforming 
growth factor (TGF)-β/Smad3 and mitogen-
activated protein kinase (MAPK) signaling path-
ways [18-20]. In addition, Xu et al. reported that 
SKI and its major active component emodin 
inhibit high glucose induced proliferation of rat 
messangial cells (RMCs) by inducing cell cycle 
arrest at G1 phase as well as cellular apoptosis 
via up-regulation of pro-apoptotic mediators 
bax and caspase activation [21]. However, up 
to present, there are still some important 
issues unresolved in the role of PMT in ON 
treated by SKI, for instance, whether SKI can 
improve TIF through targeting PMT and its sig-
naling activation, and if yes, what are the under-
lying mechanisms involved in vivo. 

Here, to address these important issues, we 
designed the animal experiments to examine 
the hypothesis that the dose-effects of SKI, 
compared to imatinib (PDGFR tyrosine kinase 
inhibitor) as an anti-fibrotic drug in the patients 
with nephrogenic systemic fibrosis in Denmark 
[22], may block PMT at pericytes of the model 
rats with UUO-induced TIF, and inhibit the acti-
vation of PDGFR and VEGFR signaling in the 
kidneys. Results in agreement with this hypoth-
esis will suggest that blocking PMT is protective 
in TIF of ON. 

Materials and methods 

Preparation and quality control of SKI 

SKI purchased from Xi’an Century Shenkang 
Pharmaceuticcal Industry Co., Ltd (Xi’an, China) 
is composed by the extracts from a defined 
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mixture of Chinese herbs as follows, radix et 
rhizoma rhei (Rheum palmatum L., Dahuang), 
radix astragali [Astragalus membranaceus 
(Fisch.) Beg. Huangqi], radix salviae miltiorrhi-
zae (Salvia miltiorrhiza Bunge., Danshen) and 
Flos carthami (Carthamus tinctorius L., 
Honghua). One injection (20 ml) contains 6 g of 
the above extracts. The extracted method and 
productive process of SKI protected by the pat-
ent law of China are both subjected to strict 
quality control, and the main components are 
subjected to standardization. The batch num-
ber of SKI used in this study was 201607021. 
The quality of SKI was measured with finger-
print analysis by HPLC based on the report of 
Dr. Xu et al. and Dr. Yao et al. [16, 17]. The 
known bioactive components of anthraqui-
nones including Aloe-emodin (C15H10O5; CAS: 
481-72-1), Rhein (C15H8O6; CAS: 478-43-3), 
Emodin (C15H10O5; CAS: 518-82-1), Chryso- 
phanol (C15H10O4; CAS: 481-74-3) and Physcion 
(C16H12O5; CAS: 521-61-9) (Figure S1) in 5 
batches exhibited high stability. 

Animals, drug and reagents 

All experiments were performed using male 
Sprague-Dawley (SD) rats weighing from 190 to 
220 g, purchased from the Experimental 
Animal Center of Nanjing Drum Tower Hospital 
(Nanjing, China). They were allowed one week 
to acclimatize before the experiment. The 
experimental protocol was approved by the 
Animal Ethics Committee of Nanjing University 
Medical School. Imatinib was provided by 
Dalian Meilun Biological Technology Co., Ltd 
(Dalian, China) and solubilized in distilled water 
(DW) and administrated via gavage. Antibody 
against fibronectin (FN), collagen type IV (CIV), 
VEGFA, PDGFRα, PDGFRβ and phosphorylated 
PDGFRα and PDGFRβ (p-PDGFRα, p-PDGFRβ), 
α-smooth muscle actin (αSMA) and vimentin 
were purchased from Abcam (Cambridge, UK). 
Antibody against VEGFR2 and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were 
bought from Cell Signaling Technology (Beverly, 
MA, USA). 

Experimental design 

Twenty-five rats were divided into 5 groups, the 
sham-operated group (the Sham group), the 
vehicle-intervened group (the Vehicle group), 
the high dose of SKI-treated group (the H-SKI 
group), the low dose of SKI-treated group (the 
L-SKI group) and the imatinib-treated group 

(the Imatinib group). According to the previous 
studies [23], the model rats with TIF were 
established by UUO. The rats were firstly admin-
istered with the high dose of SKI (5 g/kg/d), the 
low dose of SKI (1 g/kg/d), imatinib (50 mg/
kg/d) and DW (5 ml/kg/d) from day 1 to 13 at 
the beginning of the experiment, and then, 
underwent UUO on day 14 (Figure S2). The UUO 
in this experiment was performed as previously 
described [24]. The rats in the Sham group 
were only exposed the left kidney during the 
operation. Following the administration and 
operation, the same interventions were sequen-
tially given to the rats in the SKI groups, the 
Imatinib group and the Vehicle group respec-
tively, by daily, morning gastric gavage for 2 
weeks. In clinics, 100 ml/d SKI is used to treat 
a 60 kg non-dialysis CRF patient. Based on the 
animal standard conversion formula, the effec-
tive amount of SKI in a rat is equivalent to 5 g/
kg/d. The dose of imatinib was referred to 
Elmholdt et al.’ report [23]. At the end of 4 
weeks after the administration, all rats were 
anesthetized by intraperitoneal injection of ket-
amine and sacrificed via cardiac puncture. The 
kidneys and the samples of urine and blood 
were collected for the detection of various 
indicators. 

Blood biochemical parameters 

Blood sampling from the heart was obtained 
from each rat during sacrifice. Plasma samples 
were processed for the determination of serum 
creatinine (Scr), blood urea nitrogen (BUN) and 
albumin (Alb). They were determined by auto-
matic biochemical analyzer in Department of 
Laboratory Medicine of Nanjing Drum Tower 
Hospital. 

Urinary protein and urinary N-acetyl-beta-D-
glucosaminidase 

All rats were weighed and placed in metabolic 
cages on days 0, 14 and 28. They were fasting 
and only allowed to drink water. Then the col-
lected urine samples were used for detecting 
24 h urinary protein (Upro) and urinary N-acetyl-
beta-D-glucosaminidase (UNAG), which was 
determined with the method of chromatometry 
performed as previously described [25].

Renal histomorphometry 

Periodic acid-Schiff (PAS) staining and Masson 
staining were performed as previously de- 
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scribed [26]. The rates of ECM and collagen in 
renal interstitial area were calculated with 
Image-Pro Plus (IPP) 6.0 software (Media Cy- 
bernetic). The results were confirmed by the 
pathological professional doctor. 

Renal immunohistochemistry 

Immunohistochemical staining was performed 
on 4-μm-thick paraffin-embedded renal sec-
tions as previously described [27]. Briefly, renal 
sections were stained by anti-FN, anti-CIV, anti-
αSMA, anti-PDGFRβ and anti-vimentin antibod-
ies (Serotec, Oxford, UK), respectively, and then 
detected by EnVision/horseradish peroxidase 
(HRP) Kit (Dako, Carpinteria, CA). The rates of 
positive staining in renal interstitial area were 
also calculated with IPP 6.0 software (Media 
Cybernetic). The results were also confirmed by 
the pathological professional doctor.

Western blot 

Western blot (WB) analysis was performed as 
previously described [28]. Renal tissues from 
the rats were isolated with phosphate-buffered 
saline including protease inhibitors (PI) and 
sequentially solubilized with 1% Triton X-100, 
RIPA buffer [0.1% sodium dodecyl sulfate 
(SDS), 1% sodium deoxycholate, 1% Triton 
X-100, 0.15 mol/L NaCl, and 0.01 mol/L ethyl-
enediaminetetraacetic acid in 0.025 mol/L 
Tris-HCl, pH 7.2] with PI, and separated into 
Triton X-100-soluble (T), RIPA-soluble (R) and 
RIPA-insoluble (S) fractions. The RIPAI-insoluble 
fraction was solubilized with sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) sample buffer (2% SDS, 10% glyc-
erol and 5% 2-mercaproethanol in 0.0625 
mol/L Tris-HCl, pH 6.8) (S fractions). Equal 
amounts of these sequentially solubilized frac-
tions were subjected to SDS-PAGE with 7.5% or 
10% acrylamide gel, and transferred onto a 
polyvinylidene fluoride membrane (Bio-Rad, 
Hercules, CA, USA) by electrophoretic trans-
blotting for 30 minutes using Trans-Blot SD 
(Bio-Rad). After blocking with BSA, the strips of 
membrane were exposed to anti-αSMA, vimen-
tin, VEGFA, VEGFR2, PDGFRα, PDGFRβ, p- 
PDGFRα, p-PDGFRβ and GAPDH antibodies, 
respectively. They were washed and incubated 
with peroxidase-conjugated secondary anti-
bodies for 1 h at room temperature. The bands 
were visualized by employing an alkaline phos-
phatase chromogen kit (5-bromo-4-chloro-3-in-

dolil phosphate p-toluidine salt/nitro blue tetra-
zolium; Biomedica, AG, Staad, Switzerland). 
The density of the positive bands was quanti-
tated by Densitograph (ATTO, Tokyo, Japan). 
The ratio of the densitometric signal of the mol-
ecules examined to that of GAPDH was deter-
mined. The data are shown as ratios relative to 
control findings and expressed as mean ± S.E. 
of 3 independent experiments.

Statistics 

The differences among groups were analyzed 
by one-way analysis of variance (ANOVA), LSD 
method was used for multiple comparison. P < 
0.05 was considered statistically significant. 
Values were expressed as means ± S.E. 
Qualitative data were analyzed using Fisher’s 
exact test as indicated. 

Results

TIF is induced in the obstructed kidneys after 
UUO

To investigate the pathomorphological charac-
teristics of TIF in rats with ON induced by UUO, 
we firstly compared the appearances of kid-
neys and the changes of ECM and collagen in 
renal interstitium between the right non-ligated 
kidneys (NLKs) and the left ligated kidneys 
(LKs) in the UUO model rats. As shown in Figure 
1, like the normal kidneys (NKs) of the Sham 
group rats (Figure 1A), the NLKs of the UUO 
model rats were integral, red and smooth 
(Figure 1B), and did not exhibit any pathomor-
phological alterations. In contrast, the LKs of 
the UUO model rats were significantly enlarged, 
hydrops and cyanodema on the surface (Figure 
1C), and showed the serious hydronephrosis 
and the typical features of TIF including tubular 
atrophy, inflammatory cells infiltration, ECM 
accumulation and collagen deposition in renal 
interstitial area (Figure 1F, 1I-K) on day 14 after 
UUO. Here, the significant increased scores of 
ECM and collagen of the LKs in the UUO model 
rats were detected, respectively. And compared 
with those of the NLKs in the UUO model rats or 
the NKs in the Sham group rats, the differences 
were statistically significant, respectively (P < 
0.01) (Figure 1L, 1M). 

Then, we observed the immunohistochemical 
staining of fibrotic markers FN and CIV between 
the NLKs and the LKs of the UUO model rats. As 
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Figure 1. The kidney appearances and renal pathomorphological charac-
terizations in the UUO model rats. The appearances of the normal kidneys 
(NKs) in the Sham group rats (A), the right non-ligated kidneys (NLKs) in the 
UUO model rats (B) and the left ligated kidneys (LKs) in the UUO model rats 
(C); The photomicrographs of PAS staining of the NKs in the Sham group 
rats (D), the NLKs in the UUO model rats (E) and the LKs in the UUO model 
rats (F, J); The photomicrographs of Masson staining of the NKs in the Sham 
group rats (G), the NLKs in the UUO model rats (H) and the LKs in the UUO 
model rats (I, K); The scores of ECM (L) and collagen (M) in renal interstitium. 
The LKs of the UUO model rats are significantly enlarged, hydrops and cya-
nodema on the surface, and show the serious hydronephrosis and the typi-
cal features of TIF including tubular atrophy, inflammatory cells infiltration, 
ECM accumulation and collagen deposition in renal interstitial area. Original 
magnification: × 400 (D-I). The data are expressed as mean ± S.E. (n = 5). 
**P < 0.01 vs. the NKs in the Sham group rats; ##P < 0.01 vs. the NLKs in the 
UUO model rats on day 14 after UUO. 

shown in Figure 2, the NLKs of 
the UUO model rats presented 
the slight expressions of FN 
and CIV, which were limited to 
tubular basement membran- 
es, whereas no significant im- 
munostaining was found in 
renal interstitium (Figure 2B, 
2F). In comparison with the 
NLKs of the UUO model rats 
and the NKs of the Sham 
group rats, the LKs of the UUO 
model rats showed the intense 
expressions of FN and CIV 
accompanied by a strong im- 
munostaining in renal intersti-
tium (Figure 2C, 2D, 2G, 2H). 
Moreover the positively stain- 
ed areas of FN and CIV expres-
sions by the immunohisto-
chemical quantifying revealed 
the significant higher levels in 
the LKs of the UUO model rats 
than those in the NLKs of the 
UUO model rats or in the NKs 
of the Sham group rats, and 
the differences were statisti-
cally significant, respectively 
(P < 0.01) (Figure 2I, 2J). 

Taken together, these results 
indicated that TIF could be 
persistently induced in the 
obstructed kidneys of the UUO 
model rats, which was con-
cretely characterized by tubu-
lar atrophy, ECM accumulation 
and collagen deposition in 
renal interstitium, as well as 
the intense expressions of FN 
and CIV. 

PMT is triggered in the ob-
structed kidneys after UUO 

To confirm the trigger of PMT 
in the obstructive kidneys af- 
ter UUO, we examined the ex- 
pressions of PMT markers 
including PDGFRβ, αSMA and 
vimentin in renal interstitium 
between the NLKs and the 
LKs of the UUO model rats by 
immunohistochemistry and 
WB analysis. The associated 



SKI diminishes tubulointerstitial fibrosis in obstructive nephropathy

1985 Am J Transl Res 2019;11(4):1980-1996

Figure 2. The expressional characterizations of FN and CIV in renal inter-
stitium of the UUO model rats. The immunohistochemical staining of FN in 
renal interstitium of the normal kidneys (NKs) in the Sham group rats (A), 
the right non-ligated kidneys (NLKs) in the UUO model rats (B) and the left 
ligated kidneys (LKs) in the UUO model rats (C, D); The immunohistochemi-
cal staining of CIV in renal interstitium of the NKs in the Sham group rats 
(E), the NLKs in the UUO model rats (F) and the LKs in the UUO model rats 
(G, H); The immunohistochemical staining density scores of FN (I) and CIV 

immunodetections of PDGF- 
Rβ, αSMA and vimentin are 
assessed as the markers of 
PMT in the kidney [4]. As 
shown in Figure 3, like the 
NKs of the Sham group rats 
(Figure 3A), PDGFRβ positive 
immunostaining was confined 
to microvascular walls and 
tubular basement membran- 
es, and absent in renal inter-
stitial area of the NLKs in the 
UUO model rats (Figure 3B). In 
contrast, in the LKs of the 
UUO model rats, PDGFRβ pos-
itive immunostaining was ad- 
ditionally expressed by peritu-
bular pericytes and renal in- 
terstitial cells as confirmed by 
the immunohistochemical qu- 
antifying (Figure 3C, 3D). With 
the corresponding, the higher 
level of PDGFRβ protein ex- 
pression was significantly de- 
tected in the LKs of the UUO 
model rats when compared 
with the NLKs of the UUO 
model rats or the NKs of the 
Sham group rats, and the dif-
ferences were statistically sig-
nificant, respectively (P < 
0.01) (Figure 4A). The pres-
ence of renal interstitial cells 
expressing mesenchymal mar- 
kers, such as αSMA and vim- 
entin has been described as 
the additional source of gener-
ating PMT in ON [29, 30]. Thus 
the expressions of αSMA in 
peritubular pericytes and vim- 
entin in myofibroblasts were 
also evaluated as the markers 
of PMT. As also shown in 
Figure 3, the immunohisto-

(J) in renal interstitium. The LKs 
of the UUO model rats show the 
intense expressions of FN and CIV 
accompanied by a strong immu-
nostaining in renal interstitium. 
Original magnification: × 400 (A-C 
and E-G). The data are expressed 
as mean ± S.E. (n = 5). **P < 0.01 
vs. the NKs in the Sham group 
rats; ##P < 0.01 vs. the NLKs in 
the UUO model rats on day 14 af-
ter UUO.
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Figure 3. The expressional characterizations of PDGFRβ, αSMA and vimentin in renal interstitium of the UUO model 
rats. The immunohistochemical staining of PDGFRβ in renal interstitium of the normal kidneys (NKs) in the Sham 
group rats (A), the right non-ligated kidneys (NLKs) in the UUO model rats (B) and the left ligated kidneys (LKs) in 
the UUO model rats (C, D); The immunohistochemical staining of αSMA in renal interstitium of the NKs in the Sham 
group rats (E), the NLKs in the UUO model rats (F) and the LKs in the UUO model rats (G, H); The immunohistochemi-
cal staining of vimentin in renal interstitium of the NKs in the Sham group rats (I), the NLKs in the UUO model rats (J) 
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chemical staining of αSMA and vimentin was 
performed in the NLKs and the LKs of the UUO 
model rats, as well as in the NKs of the Sham 
group rats. Our data showed that, similar to the 
NKs of the Sham group rats (Figure 3E, 3I), the 
positive immunostaining of αSMA and vimentin 
was restricted to vascular walls and tubular 
basement membranes in like manner, and did 
not detect in renal interstitium in the NLKs of 
the UUO model rats (Figure 3F, 3J). However, 
like the renal interstitial cells expressing 
PDGFRβ, a number of peritubular pericytes and 
renal interstitial cells with the positive immu-
nostaining of αSMA or vimentin were found in 
renal interstitium in the LKs of the UUO model 
rats, respectively (Figure 3G, 3H, 3K, 3L). In 
agreement with αSMA and vimentin expres-
sions in renal interstitial area, WB analysis simi-
larly revealed the significant increased levels of 

αSMA and vimentin protein expressions in the 
LKs of the UUO model rats when compared 
with those in the NLKs of the UUO model rats or 
the NKs of the Sham group rats, and the differ-
ences were statistically significant, respectively 
(P < 0.01) (Figure 4B, 4C). 

In short, these results indicated that PMT could 
be definitely triggered in the obstructed kid-
neys of the UUO model rats, which was con-
cretely marked by the increased expressions of 
PDGFRβ, αSMA and vimentin in peritubular 
pericytes. 

TIF aggravated by PMT is improved by SKI and 
imatinib after UUO 

To clarify whether TIF was aggravated by PMT 
and could be improved by SKI and imatinib, 

Figure 4. The protein expression levels of PDGFRβ, 
αSMA and vimentin in the kidneys of the UUO model 
rats. The representative bands of WB analysis for the 
protein expressions of PDGFRβ (A), αSMA (B) and vi-
mentin (C). The up-regulated protein expression lev-
els of PDGFRβ, αSMA and vimentin in the obstructed 
kidneys are detected in the UUO model rats. The data 
are expressed as mean ± S.E. (n = 5). **P < 0.01 vs. 
the NKs in the Sham group rats; ##P < 0.01 vs. the 
NLKs in the UUO model rats on day 14 after UUO. 

and the LKs in the UUO model rats (K, L); The immunohistochemical staining density scores of PDGFRβ (M), αSMA 
(N) and vimentin (O) in renal interstitium. The increased expressions of PDGFRβ, αSMA and vimentin in peritubular 
pericytes are detected in the obstructed kidneys of the UUO model rats. Original magnification: × 400 (A-C, E-G, I-K). 
The data are expressed as mean ± S.E. (n = 5). **P < 0.01 vs. the NKs in the Sham group rats; ##P < 0.01 vs. the 
NLKs in the UUO model rats on day 14 after UUO. 
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which is an anti-fibrotic drug in clinics [22], in 
the rats with UUO-induced obstructed renal 
injury, we assessed the changes in ECM and 
collagen of renal interstitium, as well as the 
immunohistochemical staining of PMT markers 
including PDGFRβ, αSMA and vimentin in peri-
tubular pericytes among 5 group rats, especial-
ly between the different doses of the SKI-
treated group rats and the imatinib-treated 
group rats. As shown in Figure 5, when com-

pared with the NKs of the Sham group rats, we 
found that ECM accumulation (Figure 5B, 5G) 
and collagen deposition (Figure 5L, 5Q) in the 
LKs of the Vehicle group rats were increased, 
respectively, but significantly decreased in the 
LKs of both the H-SKI group rats (Figure 5C, 
5H, 5M, 5R) and the Imatinib group rats (Figure 
5E, 5J, 5O, 5T). And that, the statistical signifi-
cant differences of these changes between the 
H-SKI group rats and the Imatinib group rats 

Figure 5. The effects of SKI and imatinib on the changes of ECM and collagen in renal interstitium of the ligated kid-
neys after UUO. The PAS staining of ECM (A-J) and the Masson staining of collagen (K-T) in renal interstitium among 
5 group rats; The scores of ECM (U) and collagen (V) in renal interstitium among 5 group rat. ECM accumulation and 
collagen deposition in the LKs of the Vehicle group rats are increased, respectively, but significantly decreased in 
the LKs of both the H-SKI group rats and the Imatinib group rats. Original magnification: × 400 (A-E and K-O). The 
data are expressed as mean ± S.E. (n = 5). **P < 0.01 vs. the Sham group rats; ##P < 0.01 vs. the Vehicle group rats; 

&P < 0.05, &&P < 0.01 vs. the L-SKI group rats; @P < 0.05 vs. the Imatinib group rats on day 14 after UUO. 
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(Figure 5U, 5V) were detected, respectively (P < 
0.05), suggesting that the effects of H-SKI on 
attenuating TIF in vivo were superior to those of 
imatinib, which is an anti-fibrotic drug in the 
patients with nephrogenic systemic fibrosis in 
clinics.

Likewise, as shown in Figures 6-8, we also 
found that, compared with the NKs of the Sham 
group rats, the expressions of PDGFRβ (Figure 
6B, 6G), αSMA (Figure 7B, 7G) and vimentin 
(Figure 8B, 8G) were increased in peritubular 
pericytes, accompanied by the exasperation of 
TIF on day 14 after UUO, but significantly 
decreased in the LKs of both the H-SKI group 
rats (Figures 6-8C and Figures 6-8H) and the 
Imatinib group rats (Figures 6-8E and Figures 
6-8J). And that, the statistical significant differ-
ences of these changes between the H-SKI 
group rats and the Imatinib group rats (Figures 
6-8) were detected, respectively (P < 0.05), 
suggesting that the actions of H-SKI on inhibit-
ing PMT in vivo were also superior to those of 
imatinib.

Here, noteworthily, consistent with the above-
mentioned results, the expression of PDGFRβ 
as a key marker of PMT trigger [3] in the 
obstructed kidneys of the Vehicle group rats 

was increased (Figure 6B, 6G), and markedly 
decreased in the H-SKI group rats (Figure 6C, 
6H). Despite these, we found in this study 
regrettably, after the short-term (28 days) drugs 
intervention, compared with the Vehicle group 
rats, except UNAG, the data of body weight 
(BW), ligated kidney weight (LKW), Scr, BUN, Alb 
and Upro in the UUO model rats on day 14 were 
not greatly altered in both the SKI-treated 
group rats and the imatinib-treated group rats 
(Table 1).

In brief, these results indicated that TIF was 
aggravated by PMT in the obstructed kidneys of 
the UUO model rats, and could be significantly 
improved by the high dose of SKI and imatinib 
in vivo, which were concretely reflected by 
inhibiting PDGFRβ, αSMA and vimentin expres-
sions in peritubular pericytes and attenuating 
ECM accumulation and collagen deposition in 
renal interstitium.

PMT is blocked by SKI and imatinib through 
inhibiting the activation of PDGFR and VEGFR 
signaling after UUO 

To demonstrate whether SKI could block PMT 
in the obstructed kidneys of the UUO model 
rats by likely inhibiting the activation of PDGFR 

Figure 6. The effects of SKI and imatinib on the ex-
pression of PDGFRβ in renal interstitium of the li-
gated kidneys after UUO. The immunohistochemi-
cal staining and its density scores of PDGFRβ (A-J) in 
renal interstitium among 5 group rat. The expression 
of PDGFRβ in the LKs of the Vehicle group rats is in-
creased, but significantly decreased in the LKs of both 
the H-SKI group rats and the Imatinib group rats. Origi-
nal magnification: × 400 (A-E). The data are expressed 
as mean ± S.E. (n = 5). **P < 0.01 vs. the Sham group 
rats; ##P < 0.01 vs. the Vehicle group rats; &P < 0.05, 
&&P < 0.01 vs. the L-SKI group rats; @P < 0.05 vs. the 
Imatinib group rats on day 14 after UUO. 
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Figure 7. The effects of SKI and imatinib on the ex-
pression of αSMA in renal interstitium of the ligated 
kidneys after UUO. The immunohistochemical stain-
ing and its density scores of αSMA (A-J) in renal 
interstitium among 5 group rat. The expression of 
αSMA in the LKs of the Vehicle group rats is increased, 
but significantly decreased in the LKs of both the 
H-SKI group rats and the Imatinib group rats. Original 
magnification: × 400 (A-E). The data are expressed as 
mean ± S.E. (n = 5). **P < 0.01 vs. the Sham group 
rats; ##P < 0.01 vs. the Vehicle group rats; &P < 0.05, 
&&P < 0.01 vs. the L-SKI group rats; @P < 0.05 vs. the 
Imatinib group rats on day 14 after UUO. 

Figure 8. The effects of SKI and imatinib on the ex-
pression of vimentin in renal interstitium of the li-
gated kidneys after UUO. The immunohistochemi-
cal staining and its density scores of vimentin (A-J) 
in renal interstitium among 5 group rat. The expres-
sion of vimentin in the LKs of the Vehicle group rats 
is increased, but significantly decreased in the LKs 
of both the H-SKI group rats and the Imatinib group 
rats. Original magnification: × 400 (A-E). The data are 
expressed as mean ± S.E. (n = 5). **P < 0.01 vs. the 
Sham group rats; ##P < 0.01 vs. the Vehicle group rats; 

&P < 0.05, &&P < 0.01 vs. the L-SKI group rats; @P < 
0.05 vs. the Imatinib group rats on day 14 after UUO.

signaling in vivo, we checked the regulative 
effects of the different doses of SKI, compared 

to a PDGFR tyrosine kinase inhibitor imatinib, 
on the protein expression levels of the pivotal 
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signaling molecules in PDGFR pathway in the 
LKs of the UUO model rats, such as PDGFRα, 
PDGFRβ, p-PDGFRα and p-PDGFRβ. Our data 
showed that the increased protein expression 
levels of PDGFRβ, PDGFRα, p-PDGFRβ and 
p-PDGFRα in the LKs of the UUO model rats 
were substantially down-regulated after the 
treatment with the high dose of SKI and ima-
tinib. And that the statistical significant differ-
ences of these protein expression levels 
between the H-SKI group rats and the Imatinib 
group rats were detected, respectively (P < 
0.05, P < 0.01) (Figure 9A-D), suggesting that 
the effect of H-SKI on inhibiting the activation 
of PDGFR signaling in vivo was superior to that 
of imatinib. In addition, noteworthily, by com-
parison with the Vehicle group rats, though the 
expression levels of the above-mentioned 4 
proteins in the L-SKI group rats had a little 
change, the statistical significant differences 
between the L-SKI group rats and the Vehicle 
group rats were not found. 

VEGFR signaling pathway has been also identi-
fied as the regulator of PMT [12]. Therefore, we 
next examined the protein expression levels of 
VEGFR2 and its ligand VEGFA in the obstructed 
kidneys of the UUO model rats, which are the 
key signaling molecules in VEGFR pathway. As 
also shown in Figure 9, the protein expression 
levels of VEGFR2 and VEGFA were strikingly up-
regulated in the LKs of the Vehicle group rats, 
and alleviated significantly in the H-SKI group 
rats and the Imatinib group rats respectively. 
However, the statistical significant difference of 
VEGFR2 protein expression level between the 
H-SKI group rats and the Imatinib group rats 
was only detected (P < 0.05) (Figure 9E), sug-
gesting that the effect of SKI at the high dose 
on suppressing the activation of VEGFR signal-
ing in vivo was also superior to that of imatinib. 

In sum, these results indicated that SKI and 
imatinib could specifically block PMT in the 
obstructed kidneys of the UUO model rats 
through inhibiting the activation of PDGFR and 
VEGFR signaling, which were concretely shown 
by down-regulating the protein expression lev-
els of PDGFRβ, PDGFRα, p-PDGFRβ, p-PDGFRα, 
VEGFR2 and VEGFA in the kidney. Furthermore, 
the effects of SKI at the high dose were par-
tially superior to those of imatinib. 

Discussion 

In the present study, using the UUO model rats, 
we demonstrated that PMT trigger was persis-
tently accompanied with TIF exasperation in 
the obstructed kidneys after UUO, and that SKI, 
a modern intravenous preparation of Chinese 
patent medicine, could definitely target PMT 
and significantly diminish TIF in vivo. In addi-
tion, the high dose of SKI, superior to imatinib 
as an anti-fibrotic drug in clinics, could specifi-
cally block PMT through inhibiting the activa-
tion of PDGFR and VEGFR signaling in the kid-
neys. These results suggested that the inter-
vention of PMT and its signaling activation by 
the continuous administration of SKI leads to 
the impressive renoprotection after the ob- 
structed renal injury. To the best of our knowl-
edge, it is the first study to report that targeting 
PMT is capable of improving the artificial TIF in 
the field of TCM therapeutics. 

In this study, we were firstly interested in the 
pathomorphological characteristics related to 
renal interstitial damage induced by UUO and 
whether could be ameliorated by the drugs in 
vivo within a short time (28 days). Ai et al. [23] 
reported that the obstructed kidneys at day 7 
after UUO revealed the typical features of ON, 
such as tubular degeneration and atrophy, 

Table 1. BW, LKW and biochemical parameters in 5 group rats on day 14 after UUO (n = 5)
Group Sham Vehicle H-SKI L-SKI Imatinib
BW (g) 360.6 ± 12.01 346.8 ± 14.20 347.6 ± 15.82 344.2 ± 11.08 350.4 ± 14.26
LKW (g) 1.53 ± 0.10 1.95 ± 0.238** 1.78 ± 0.22* 1.88 ± 0.18** 1.81 ± 0.16*

Scr (μmol/L) 22.4 ± 3.05 42.2 ± 4.21** 37.6 ± 3.85** 40.0 ± 4.06** 38.4 ± 4.28**

BUN (mmol/L) 5.70 ± 0.47 9.04 ± 0.70** 8.04 ± 0.92** 8.86 ± 0.86** 8.18 ± 0.89**

Alb (g/L) 33.26 ± 1.06 25.66 ± 1.45** 27.22 ± 0.96** 26.72 ± 1.19** 26.76 ± 1.28**

Upro (mg/d) 3.18 ± 0.50 22.88 ± 4.19** 20.56 ± 2.79** 22.82 ± 3.87** 20.72 ± 2.99**

UNAG (U/L) 5.92 ± 0.90 19.14 ± 1.41** 15.36 ± 1.27**,##,&&,@ 18.00 ± 1.41** 17.16 ± 1.54**,#

Note: BW, body weight; LKW, ligated kidney weight; Scr, serum creatinine; BUN, serum blood urea nitrogen; Alb, albumin; Upro, 
24 h urinary protein; UNAG, urinary N-acetyl-beta-D-glucosaminidase. *P < 0.05, **P < 0.01 vs. the Sham group rats. #P < 0.05, 
##P < 0.01 vs. the Vehicle group rats. &&P < 0.01 vs. the L-SKI group rats. @P < 0.05 vs. the Imatinib group rats.
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interstitial fibrosis and inflammatory cell infiltra-
tion in renal interstitium. In agreement with this 
investigation, we also found the analogous al- 
terations and related abnormal biochemical 
parameters including Scr, BUN, Upro and UNAG, 
which were detected and peaked at day 7 after 

obstruction (data not shown). On day 14 after 
UUO, the persistent TIF was induced in the LKs 
of the UUO model rats, concretely character-
ized by tubular atrophy, ECM accumulation and 
collagen deposition in renal interstitium. Mean- 
while, fibrotic markers FN and CIV exhibited the 

Figure 9. The effects of SKI and imatinib on the protein expression levels of PDGFRβ, PDGFRα, p-PDGFRβ, p-PDGFRα, 
VEGFR2 and VEGFA in the ligated kidneys after UUO. The protein expression levels of PDGFRβ (A), PDGFRα (B), 
p-PDGFRβ (C), p-PDGFRα (D), VEGFR2 (E) and VEGFA (F) among 5 group rats. The increased protein expression 
levels of PDGFRβ, PDGFRα, p-PDGFRβ, p-PDGFRα, VEGFR2 and VEGFA in the LKs of the UUO model rats are sub-
stantially down-regulated after the treatment with the high dose of SKI and imatinib. The data are expressed as 
mean ± S.E. (n = 5). *P < 0.05, **P < 0.01 vs. the Sham group rats; #P < 0.05, ##P < 0.01 vs. the Vehicle group rats; 
&P < 0.05, &&P < 0.01 vs. the L-SKI group rats; @P < 0.05, @@P < 0.01 vs. the Imatinib group rats on day 14 after UUO. 
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intense expressions in renal interstitial area. 
Fortunately, besides interstitial inflammatory 
cell infiltration, the above-mentioned major 
interstitial pathomorphological changes and 
the increased UNAG (renal tubular injurious 
marker) were significantly ameliorated after the 
continuous treatment (28 days) with the high 
dose of SKI or imatinib, respectively. Con- 
sequently, we considered that this ON rat model 
should be useful in unraveling the pathogene-
sis of TIF. More importantly, based on this 
established rat model, it is possible to prove 
the anti-fibrotic effects of the drugs in vivo with-
in the limited time. 

The previous studies reported that SKI at a low 
dose could suppress renal fibrosis and oxida-
tive stress in 5/6 nephrectomized rats [18]. By 
comparison, in this study, using a classical ON 
model induced by UUO, we further investigated 
the dose effects of SKI on TIF in vivo, compared 
with imatinib as an anti-fibrotic drug in clinics 
[22]. Our data definitely indicated that SKI at 
the high dose of 5 g/kg daily slightly improved 
ECM accumulation, collagen deposition and FN 
and CIV expressions in renal interstitium of the 
LKs in the UUO model rats. Furthermore, the 
beneficial effects of SKI at the high dose on the 
obstructed renal injuries were better than 
those of the low dose of SKI and imatinib. We 
thus confirmed that SKI could dose-dependent-
ly ameliorate TIF in vivo. Nonetheless, our 
results showed that the abnormal data of BW, 
LKW, Scr, BUN, Alb, Upro and interstitial inflam-
matory cell infiltration in the LKs of the UUO 
model rats on day 14 were not obviously 
changed after the treatment with SKI or ima-
tinib within the short-term (28 days) drugs inter-
vention. For these reasons, a long time of SKI 
treatment should be necessary in future stud-
ies to testify the comprehensive actions of SKI 
in vivo. 

For all we know, in rodent ON models, the over-
expressions of TGF-β1 and Smad proteins in 
the resident fibroblasts are closely related with 
fibrosis [8]. Hence, it seems reasonable to 
hypothesize that aiming at TGF-β1/Smad sig-
naling pathway, SKI at the high dose may pro-
vide a quick and effective treatment for TIF in 
vivo. However, what is intriguing that, in this 
study, we could not find the significant altera-
tion of signaling molecules including TGF-β1, 
Smad2/3, Smad4 and Smad7 (data not shown) 
after drugs administration, suggesting that oth- 

er molecular mechanism might be involved in 
the treatment of SKI for TIF in this UUO model. 

Recently, the growing evidences have manifest-
ed that renal pericytes as another major source 
of myofibroblasts are activated to lead to micro-
vascular rarefaction and TIF [1, 3-8]. During the 
process of transition from pericytes to myofi-
broblasts in the kidney, some of the best-
described markers used to identify pericytes 
include PDGFRβ and αSMA. In which, PDGFRβ 
as one of the most widely used pericyte mark-
ers plays a key role in pericyte recruitment, 
investment and maturation of the microvascu-
lature [4]; αSMA as an intracellular marker is 
restricted to be expressed by the activated 
pericytes at sites of vascular remodeling, also 
by myofibroblasts and smooth muscle cells 
[29]. In addition, vimentin as a marker of myofi-
broblasts has been widely recognized [30]. 
Therefore, the trigger of PMT can be marked by 
the over-expressions of PDGFRβ, αSMA and 
vimentin at peritubular pericytes. Our results 
distinctly showed that the expression levels of 
PDGFRβ, αSMA and vimentin were up-regulat-
ed at peritubular pericytes, accompanied by 
the exasperation of TIF in the UUO model rats, 
and significantly down-regulated after the treat-
ment with the high dose of SKI or imatinib, sug-
gesting that the triggered PMT in the obstruct-
ed kidneys of the UUO model rats could be obvi-
ously inhibited by the high dose of SKI and ima-
tinib in vivo. 

A series of studies conducted by Lin et al. have 
identified that PDGFR signaling pathway plays a 
key role in PMT trigger and will be the therapeu-
tic molecular target to prevent microvascular 
rarefaction and TIF in vivo [3, 12]. Chen et al. 
[3] reported that PDGFRα and PDGFRβ are 
expressed exclusively at interstitial pericytes 
and myofibroblasts. PDGFR expression is 
increased markedly at the injurious tubules 
after UUO. When the activation of PDGFRα or 
PDGFRβ is inhibited by the receptor-specific 
antibody in mice following the obstructed renal 
damage, PMT is decreased and the related sig-
naling molecules including p-PDGFRα and 
p-PDGFRβ are suppressed. Hence, it is consid-
ered that PDGFR signaling is the upstream reg-
ulative pathway of PMT trigger. Corresponding 
to this, we also found in this study that the 
increased protein expression levels of PDGFRβ, 
PDGFRα, p-PDGFRβ and p-PDGFRα in the kid-
neys of the UUO model rats were substantially 
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down-regulated after the treatment with the 
high dose of SKI and imatinib. Here, interest-
ingly, the suppressive effect of SKI at the high 
dose on the activation of PDGFR signaling was 
significantly superior to PDGFR tyrosine kinase 
inhibitor imatinib, which could specifically inhib-
it pericytes proliferation and TIF in fibrogenic 
model of UUO [31].  

It has been reported that the activation of 
VEGFR is a critical signaling pathway that links 
endothelial cells with pericytes. Blocking VEGFR 
signaling leads to the attenuation of TIF and the 
down-regulation of profibrotic cytokines includ-
ing PDGF and TGF-β1 [12]. Thus, the activation 
of VEGFR at endothelial cells drives PMT and 
aggravates TIF [10]. Our results clearly dis-
played that the protein expression levels of 
VEGFR2 and VEGFA (the ligand for VEGFR2) 
were strikingly up-regulated in the LKs of the 
UUO model rats, and alleviated significantly 
after the treatment with the high dose of SKI 
and imatinib. However, notice that the effects 
of SKI at the high dose on suppressing the acti-
vation of VEGFR signaling were superior to 
imatinib. 

In summary, we clarified in this report that the 
high dose of SKI, superior to imatinibas as an 
anti-fibrotic drug in clinics, could attenuate TIF 
in vivo through blocking PMT and inhibiting the 
activation of PDGFR and VEGFR signaling in the 
kidneys of the UUO model rats. These findings 
may partly explain the therapeutic mechanisms 
of SKI in treating TIF of ON patients in clinic, 
and further suggest that targeting PMT can pro-
vide new strategies for ON treatment. 
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Figure S1. Fingerprint analysis of SKI by HPLC. A. The chromatograms of mixed standards. B. The samples of SKI.

Figure S2. Experimental procedure.


