
Acta Pharmacologica Sinica  (2011) 32: 1513–1521 
© 2011 CPS and SIMM    All rights reserved 1671-4083/11  $32.00
www.nature.com/aps

npg

Introduction
Tubulointerstitial fibrosis is closely correlated with the pro-
gression of chronic renal disease and is a common final path-
way leading to end-stage renal failure.  Emerging evidence 
indicates that renal tubular epithelial-mesenchymal transition 
(EMT) is an important event in renal interstitial fibrosis[1].  All 
types of renal injury are potentially able to induce renal tubu-
lar cells to undergo EMT, generating mesenchymal cells, as 
demonstrated by experimental models, in vitro experiments, 
and renal biopsy studies[2].  EMT is the process in which renal 
tubular epithelial cells lose their epithelial phenotype followed 

by their acquisition of mesenchymal cell characteristics, con-
tributing to continuous tubulointerstitial fibrosis[3].  Previous 
studies have demonstrated that transforming growth factor 
(TGF)-β1 is an inducer of renal tubular epithelial cell EMT, 
whereas bone morphogenetic protein-7 (BMP-7) counteracts 
TGF-β1-induced EMT and reverses chronic renal injury[4, 5].  
These data imply that there are several factors modulating the 
phenotype of renal tubular epithelial cells and that imbalance 
of these factors might lead to their change from the epithelial 
phenotype.

Vascular endothelial growth factor (VEGF) is an endothelial-
specific growth factor that promotes endothelial cell prolif-
eration, differentiation and survival, mediates endothelium-
dependent vasodilatation, induces microvascular hyperper-
meability and participates in interstitial matrix remodeling.  In 
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the kidney, VEGF expression is most prominent in glomerular 
podocytes and tubular epithelial cells[6, 7].  Several studies have 
shown that VEGF may relieve experimental renal diseases, 
such as anti-Thy1 glomerulonephritis, thrombotic microan-
giopathy and anti-glomerular basement membrane glomeru-
lonephritis[8–10].  Moreover, reduced expression of VEGF has 
been observed in tubulointerstitial fibrosis[11–13].

VEGF treatment in a rat model of remnant kidneys inhib-
ited loss of peritubular capillaries and improved renal func-
tion and peritubular capillary endothelial cell proliferation[14].  
Furthermore, VEGF has been shown to induce vasculogenesis 
and tubulogenesis[15, 16].  In addition, VEGF has been shown 
to induce a proliferative response and to prevent hydrogen 
peroxide-induced apoptosis and necrosis in renal tubular epi-
thelial cells[17].

We previously reported that pentoxifylline treatment inhib-
ited tubulointerstitial fibrosis in a rat model of obstructive 
nephropathy and prevented loss of VEGF[18].  In addition, our 
previous in vitro studies indicated that reduced expression of 
VEGF might contribute to tubular EMT[19].

The above-mentioned studies suggest that VEGF may be a 
renoprotective factor important for maintenance of the epi-
thelial phenotype of renal tubular cells.  In the present study, 
we used a mouse model of obstructive nephropathy to test 
whether VEGF could ameliorate tubulointerstitial fibrosis and 
EMT and whether it could affect the expression of TGF-β1, 
connective tissue growth factor (CTGF) and BMP-7.

Materials and methods
Reagents
VEGF121 was purchased from R&D Systems (Minneapolis, 
MN, USA).  Blood urea nitrogen and serum creatinine were 
detected using a kit from Sigma (St Louis, MO, USA).  Anti-
α-smooth muscle actin (α-SMA) was obtained from Sigma (St  
Louis, MO, USA); anti-E-cadherin, anti-TGF-β1, anti-CTGF, 
anti-BMP-7, anti-vimentin and an anti-actin polyclonal anti-
body and ECL were obtained from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA).  The HistostainTM-plus kit was from 
Zymed Laboratories (South San Francisco, CA, USA).  The 
TRIzol reagent was from Life Technologies/BRL (Rockville, 
MD, USA).  M-MLV reverse transcriptase and Taq polymerase 
were purchased from Promega (Madison, WI, USA).  BCA 
protein assay kits were purchased from Beyotime (Haimen, 
China).

Experimental design
Thirty-six male CD-1 mice (21–24 g, Grade III, Peking Union 
Medical College Hospital) were divided into two 1:2 matched 
groups.  The sham group (group A) was subjected to surgical 
manipulation without ureteral ligation; the unilateral ureteral 
obstruction (UUO) group was subjected to left ureteral liga-
tion.  The animals were housed in individual cages under 
conditions of constant temperature and humidity on a 12-h 
light/dark cycle.  Food and water were provided ad libitum.  
Protocols for animal experimentation and maintenance were 
approved by the Animal Ethics Committee at our institute 

and carried out in accordance with institutional guidelines.  
For the surgery, anesthesia with sodium pentobarbital (40 
mg/kg, ip) was provided, and the left ureter was ligated with 
silk sutures at two points and was cut between the ligatures.  
The UUO mice were randomly divided into two groups: one 
group (group C) received VEGF121 (50 µg/kg, subcutaneous 
(sc), twice daily, n=12) from d 1 to d 14 after ligation[14], and 
the other group (group B) received vehicle (normal saline, sc, 
n=12) as a control.  The VEGF121 isoform was chosen because it 
is the only isoform of VEGF that has no heparin-binding abil-
ity and, therefore, results in therapeutically effective plasma 
levels when administered subcutaneously.  Four mice from 
each group (including group A, the sham-operated mice, to 
serve as negative controls) were killed on d 3 after operation, 
four mice on d 7, and four mice on d 14.  The kidneys were 
decapsulated and divided into several parts.  One part was 
fixed in 10% neutral buffered formalin and processed for his-
tological analysis.  Another part was dissected to isolate the 
cortex, which was quickly frozen in liquid nitrogen and stored 
at -70 °C for protein and total RNA extraction.  Blood was col-
lected for serum creatinine and blood urea nitrogen measure-
ments according to the protocol of the commercial kit.

Histologic examination
Kidneys were removed, fixed in 10% neutral formalin, embed-
ded in paraffin, sectioned (2.0–3.0 µm thickness), and stained 
with Masson trichrome using routine procedures.  Evaluation 
of tubulointerstitial fibrosis was performed.  In each section, 
20 randomly selected fields were examined under ×400 mag-
nification for assessment of the degree of tubulointerstitial 
fibrosis.  The degree of tubulointerstitial fibrosis was scored 
in Masson-stained sections as the ratio of the positive stain 
area (blue) to that of the whole area (n=20).  Tubulointerstitial 
fibrosis was examined in each mouse and then averaged for 
the four mice from each group.

Cell culture 
Human proximal tubular epithelial cells (HK-2) (from Dr 
Xiong-zhong Ruan, Royal Free and University College Medi-
cal School, UK) were cultured and maintained in Dulbecco’s 
modified Eagle’s medium/Ham’s F-12 containing 10% fetal 
bovine serum as previously described[18].  All studies were car-
ried out in overnight serum-deprived cells at 90%–100% con-
fluency.

Reverse transcription-PCR
Total RNA was isolated from the cortex of the ligated kidneys 
or from cultured cells using the TRIzol reagent according to 
the manufacturer’s instructions.  First-strand cDNA was made 
from total RNA using the M-MLV transcriptase.  PCR was 
performed in a DNA Thermal Cycler with the primers listed 
in Table 1.  Primers were designed with OLIGO software (ver-
sion 6) and synthesized by the Shanghai Sangon Biological 
Engineering Company (Beijing, China).

Reactions were incubated at 95 °C for 5 min, followed by the 
indicated number of cycles of 30 s at 94 °C and 30 s at 56 °C 
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for α-SMA, E-cadherin, vimentin, TGF-β1, CTGF, and BMP-7 
(58 °C for GAPDH), 30 s at 72 °C, and a final extension at 72 °C 
for 10 min.  There were 35 cycles of PCR for α-SMA, E-cad-
herin, vimentin, TGF-β1, CTGF, and BMP-7, and 28 cycles for 
GAPDH.  The PCR products were electrophoresed using 2% 
agarose and their signal intensity was determined with the 
UVI soft UVIband Windows application V97.04.  The resulting 
signal intensities were normalized to that of GAPDH.

Western blot analysis
Kidney tissues or cultured cells were homogenized in RIPA 
lysis buffer (1% NP40, 0.1% SDS, 100 µg/mL phenylmethylsul-
fonyl fluoride, 0.5% sodium deoxycholate, in PBS) on ice.  The 
supernatants were collected after centrifugation at 12 000×g at 
4 °C for 20 min.  Protein concentration was determined using a 
BCA protein assay kit, and whole lysates were mixed with an 
equal amount of 2×SDS loading buffer (125 mmol/L Tris-HCl, 
4% SDS, 20% glycerol, 100 mmol/L DTT, and 0.2% bromophe-
nol blue).  Samples were heated at 100 °C for 5 min and were 
separated on SDS-polyacrylamide gels.  The separated proteins 
were then transferred to a PVDF membrane.  The membrane 
blots were first probed with a primary antibody.  After incuba-
tion with horseradish peroxidase-conjugated second antibody, 
autoradiograms were prepared using the enhanced chemilu-
minescent system to visualize the protein antigen.  The signals 
were recorded using X-ray film, and the signal intensities were 
determined using the UVI soft UVI band Windows application 

V97.04.  The primary antibodies that we used included anti-
α-SMA (1:300), anti-E-cadherin (1:400), anti-vimentin (1:200), 
anti-TGFβ1 (1:200), anti-CTGF (1:400), anti-BMP-7 (1:600), and 
anti-actin (1:2000).  The results were normalized to the signal 
intensity of β-actin, which was used as an internal control.

Confocal microscopy
HK-2 cells treated with TGF-β1 (5 µg/L) alone, co-treated 
with TGF-β1 (5 µg/L) and different concentrations of VEGF 
(0.1, 1, 10, and 100 µg/L) or left untreated were cultured in 
eight-chamber glass slides for 48 h.  Cells were fixed with 4% 
paraformaldehyde in phosphate-buffered saline (PBS) (20 min; 
room temperature), permeabilized with 0.1% Triton X-100 in 
PBS (15 min), and incubated in normal goat serum (30 min), 
followed by application of a monoclonal anti-α-SMA antibody 
(1:50 in BSA/PBS, Sigma) and a polyclonal anti-E-cadherin 
antibody (1:100 in BSA/PBS, Santa Cruz Biotechnology) (over-
night, 4 °C).  The slides were then washed with PBS, incu-
bated in rhodamine (TRITC)-conjugated goat anti-mouse IgG 
(1:50 in BSA/PBS; Proteintech Group, Chicago, IL, USA) and 
fluorescein (FITC)-conjugated affinipure goat anti-rabbit IgG 
(1:50 in BSA/PBS; Proteintech Group, Chicago, IL, USA) (60 
min; room temperature), washed with PBS, and incubated in 
4’,6-diamidino-2-phenylindole (DAPI) for 3 min, followed by 
a washing with PBS.  Microscopy was performed with a Leica 
TCS SP2 AOBS confocal microscope (Leica Micro-Systems, 
Heidelberg, Germany) using an excitation wavelength of 488 
nm from an Argon laser and an emission spectra between 520 
and 570 nm.  Collection parameters remained constant for all 
samples.

Statistical analyses
All data were expressed as the mean±SD.  Statistical analyses 
were carried out using SPSS 11.5 software for Windows.  Sta-
tistical significance was evaluated by one-way ANOVA, and 
the statistical significance between two groups was evaluated 
by t-test.  Values of P<0.05 were considered statistically sig-
nificant.

Results
VEGF improves histopathologic changes in UUO mice
After ureteral ligation, mice developed hydronephrosis with 
progressive dilation of the renal pelvis and thinning of the 
renal cortex.  Serum creatinine and blood urea nitrogen lev-
els remained unchanged at all time points (data not shown).  
From d 3 to 14, renal tubular damage after UUO increased 
progressively and was characterized by dilation with flattened 
epithelium at d 3, atrophy and thickness of the tubular base-
ment membrane at d 7 and destruction of tubules at d 14.  In 
parallel, a progressive expansion of the interstitial space and 
fibrosis gradually developed, as revealed by Masson trichrome 
staining (Figure 1).  There was no difference in tubulointer-
stitial fibrosis between the UUO group and the VEGF-treated 
group at d 14 (P>0.05).  Meanwhile, the tubulointerstitial fibro-
sis score was reduced by approximately 8% at d 3 and 18% at 
d 7 in the VEGF-treated group compared with 15%±1% at d 3 

Table 1.  Primers used in RT-PCR experiments.  

 Gene 	  Primers	                    Sequences	   Length of 
     			     products 
 
Subunit of mouse
GAPDH	 Forward	 5′-GCCTTCCGTGTTCCTACCC-3′	 166 bp
	 Reverse	 5′-TGAAGTCGCAGGAGACAACC-3′	
α-SMA	 Forward	 5′-CCGAGCGTGAGATTGTCC-3′	 358 bp
	 Reverse	 5′-CTTCATGGTGCTGGGTGC-3′	
E-cadherin	 Forward	 5′-CAAAGTGGCGACAGACGG-3′	 483 bp
	 Reverse	 5′-GACACGGCATGAGAATAGAGG-3′	
TGF-β1	 Forward	 5′-TGGTGGACCGCAACAACG-3′	 394 bp
	 Reverse	 5′-CGACGTTTGGG GCTGATC-3′	
CTGF	 Forward	 5′-CTATCCCACCAAAGTGAGAACG-3′	 417 bp
	 Reverse	 5′-TTGCCACAA GCTGTCCAGTC-3′	
BMP-7	 Forward	 5′-AGGGAGTCGGACCTCTTCTTG-3′	 472 bp
	 Reverse	 5′-CCTCACAGTAGTAGGCAGCATAGC-3′	

Subunit of human	
GAPDH	 Forward	 5′-CCACCCATGGCAAATTCCATGGCA-3′	 323 bp
	 Reverse	 5′-TGCTAAGCAGTTGTTGGTGCAGGA-3′	
α-SMA	 Forward	 5′-GCTCACGGAG GCACCCCTGAA-3′	 590 bp
	 Reverse	 5′-CTGATAGGACATTGTTAGCAT-3′	
E-cadherin	 Forward	 5′-CTCACATTTCCCAACTCC-3′	 405 bp
	 Reverse	 5′-ACCTTCCATGACAGACCC-3′	
Vimentin	 Forward	 5′-GGCTCAGATTCAGGAACAGC-3′	 327 bp
	 Reverse	 5′-GCTTCAACGGCAAA GTTCTC-3′
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and 36%±3% at d 7 in the UUO group (P<0.05, Figure 2).

VEGF inhibits α-SMA expression and restores E-cadherin 
expression in UUO mice
EMT is an important event in renal interstitial fibrosis.  During 
the process of EMT, epithelial cells lose their polygonal mor-
phology and adhesive cell contacts (E-cadherin) and acquire 
fibroblast-like characteristics, including an elongated shape, 
expression of mesenchymal markers (eg, α-SMA and vimentin) 

and increased motility[20–22].  To investigate the effect of VEGF 
on EMT in the kidney, α-SMA and E-cadherin protein and 
mRNA expression levels were determined by Western blot 
and RT-PCR, respectively, in UUO mice treated with or with-
out VEGF.  As shown in Figure 3 and 4, in the UUO group, 
α-SMA expression was significantly upregulated, whereas 
E-cadherin expression was significantly downregulated 
compared with the sham group from d 3 to 14 (P<0.05).  
VEGF treatment reduced α-SMA expression and improved 
E-cadherin expression at d 3 and 7 compared with the UUO 
group (P<0.05).  No differences in the expression of α-SMA 
or E-cadherin were observed between the VEGF-treated and 
UUO mice at d 14 (P>0.05).

VEGF affects the expression of TGF-β1, CTGF, and BMP-7 in UUO 
mice
Several cytokines, including TGF-β1, CTGF, and BMP-7, are 
thought to be involved in the pathogenesis of EMT.  To exam-
ine whether VEGF could modulate the expression of these 
cytokines, the kidney protein and mRNA levels of TGF-β1, 
CTGF and BMP-7 were measured in UUO mice treated with or 
without VEGF.  Compared with the sham group, the expres-
sion levels of TGF-β1 and CTGF in the UUO group were 
significantly upregulated, whereas the expression of BMP-7 
was significantly downregulated from d 3 to 14 (P<0.05).  
Importantly, VEGF treatment in the UUO model resulted 

Figure 2.  Semiquantitative tubulointerstitial fibrosis score in sham mice, 
UUO mice and VEGF-treated mice at d 3, 7, and 14, respectively.  The 
fibrosis score was markedly increased in UUO mice compared with sham 
mice.  Compared with UUO mice, the fibrosis score was significantly 
reduced in VEGF treated mice at d 3 and 7.  The values were shown 
as pecentage of the staining area to selected area and expressed as 
mean±SD of 3 independent experiments.  bP<0.05 vs sham group; 
eP<0.05 vs UUO group.

Figure 3.  The expressions of α-SMA and E-cadherin protein in sham mice 
(a), UUO mice (b) and VEGF-treated mice (c) at d 3, 7, and 14, respectively.  
(A) Representative western blot of α-SMA and E-cadherin in sham and 
UUO mice treated with or without VEGF.  (B) Compared with UUO group, 
VEGF treatment significantly inhibited α-SMA expression and increased 
E-cadherin expression at d 3 and 7.  Results were shown as ratio of 
optical density for α-SMA or E-cadherin to that of β-actin and presented 
as mean±SD of 3 independent experiments.  bP<0.05 vs respective sham 
mice; eP<0.05 vs respective UUO mice.

Figure 1.  Representative histopathology in sham mice (a), UUO mice 
(b) and VEGF-treated mice (c) at d 3, 7, and 14, respectively (Masson 
stain, ×400).  D 3 after ligation, few fibrosis appeared in interstitial 
space.  D 7 and 14 after ligation, moderate and severe fibrosis took place, 
respectively.
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in reduced expression of TGF-β1 and CTGF expression and 
increased BMP-7 expression at d 3 and 7 compared with the 
untreated UUO group (P<0.05).  No differences in the expres-
sion of TGF-β1 and BMP-7 were observed between the VEGF-
treated and untreated UUO mice at d 14 (P>0.05).  However, 
VEGF treatment did result in reduced CTGF expression at d 14 
(P<0.05).  Thus, VEGF treatment prevented the production of 
TGF-β1 and loss of BMP-7 expression at both the mRNA and 
protein levels at d 3 and d 7, and VEGF treatment inhibited the 
production of CTGF at d 3, 7, and 14 (P<0.05) (Figures 5 and 
6).

VEGF inhibits EMT induced by TGF-β1 in cultured HK-2 cells
Confocal microscopy study demonstrated that E-cadherin, 
a phenotypic marker of epithelial cells, was distributed in 
the cytoplasm, in the nucleolus and at the cell-cell junctions, 
whereas α-SMA, a phenotypic marker of mesenchymal cells, 
was not detected under normal conditions (Figure 7A).  The 
addition of TGF-β1 (5 µg/L) significantly induced α-SMA 
expression, but inhibited E-cadherin expression (Figure 7B).  
VEGF (0.1–100 µg/L) treatment restored E-cadherin expres-
sion and intercellular junctions and dramatically abrogated 
TGF-β1-induced α-SMA expression in a dose-dependent man-
ner (Figure 7C).

To further confirm that VEGF blocked TGF-β1-induced 
EMT in HK-2 cells, we measured the expression of α-SMA, 
vimentin and E-cadherin in HK-2 cells treated with TGF-β1 
(5 µg/L) in the presence or absence of VEGF (0.1–100 µg/L).  

Figure 4.  The expressions of α-SMA and E-cadherin mRNA in sham mice 
(a), UUO mice (b) and VEGF-treated mice (c) at d 3, 7, and 14, respectively.  
(A) Representative RT-PCR of α-SMA and E-cadherin in sham and UUO 
mice treated with or without VEGF.  (B) Compared with UUO group, 
VEGF treatment inhibited α-SMA expression and increased E-cadherin 
expression at d 3 and 7.  Results were shown as ratio of optical density for 
α-SMA or E-cadherin to that of GAPDH and presented as mean±SD of 3 
independent experiments.  bP<0.05 vs respective sham mice; eP<0.05 vs 
respective UUO mice.

Figure 5.  The protein levels of TGF-β1, CTGF and BMP-7 in sham mice (a), 
UUO mice (b) and VEGF-treated mice (c) at d 3, 7, and 14, respectively.  
(A) Representative western blot of TGF-β1, CTGF and BMP-7 in sham and 
UUO mice treated with or without VEGF.  (B) Compared with UUO group, 
VEGF treatment significantly inhibited the expressions of TGF-β1 and CTGF 
and increased BMP-7 expression.  Results were shown as ratio of optical 
density for TGF-β1, CTGF, or BMP-7 to that of β-actin and presented as 
mean±SD of 3 independent experiments.  bP<0.05 vs respective sham 
mice; eP<0.05 vs respective UUO mice. 

Figure 6.  The mRNA levels of TGF-β1, CTGF and BMP-7 in sham mice (a), 
UUO mice (b) and VEGF-treated mice (c) at d 3, 7, and 14, respectively.  
(A) Representative RT-PCR of TGF-β1, CTGF, and BMP-7 in sham and UUO 
mice treated with or without VEGF.  (B) Compared with UUO group, VEGF 
treatment significantly blocked the expressions of TGF-β1 and CTGF and 
improved expression of BMP-7.  Results were shown as ratio of optical 
density for TGF-β1, CTGF, or BMP-7 to that of GAPDH and presented as 
mean±SD of 3 independent experiments.  bP<0.05 vs respective sham 
mice; eP<0.05 vs respective UUO mice. 
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TGF-β1 alone induced expression of α-SMA and vimentin 
and inhibited expression of E-cadherin at both the protein and 
mRNA levels.  In contrast, co-treatment with VEGF dramati-
cally abrogated the TGF-β1-induced increases in protein and 

mRNA expression of α-SMA and vimentin and also restored 
the protein and mRNA expression of E-cadherin in HK-2 cells 
in a dose-dependent manner.  Moreover, at concentrations 
of 100 µg/L, VEGF almost completely blocked the TGF-β1-
induced changes in α-SMA, vimentin and E-cadherin protein 
and mRNA expression (P<0.05) (Figures 8 and 9).

Discussion
Renal interstitial fibrosis is a common pathological process 
leading to end-stage renal disease[23].  The UUO model has 
been widely used as a model of tubulointerstitial fibrosis[24].  
The UUO model is characterized by renal myofibroblast acti-
vation, tubular atrophy and interstitial fibrosis with minimal 
glomerular lesions in which TGF-β1 is considered to play an 
important role[24, 25].  In our study, the obstructed kidneys dis-
played marked tubulointerstitial injury starting on d 3 after 
surgery, but glomerular cells remained nearly untouched.

In the present study, the effect of VEGF on tubulointersti-
tial fibrosis and EMT was tested.  Our results from in vivo 
experiments showed that VEGF inhibited tubulointerstitial 
fibrosis and EMT.  The potential mechanisms of VEGF action 
include inhibition of TGF-β1 and CTGF expression in target 
cells and the improvement of BMP-7 expression.  In addition, 
we showed that TGF-β1 induced EMT and that VEGF directly 

Figure 7.  Expressions of E-cadherin and α-SMA in HK-2 cells treated 
with 5 µg/L TGF-β1 in the presence or absence of VEGF at 0.1–100 
µg/L, evaluated by confocal microscopy.  The expression of E-cadherin 
(A) and α-SMA (B) were observed by confocal microscopic image.  The 
colocalization (C) of α-SMA and E-cadherin was stained yellow. a, no 
treatment; b, 5 µg/L TGF-β1; c, 5 µg/L TGF-β1 and 0.1 µg/L VEGF; d, 5 
µg/L TGF-β1 and 1 µg/L VEGF; e, 5 µg/L TGF-β1 and 10 µg/L VEGF; f, 5 
µg/L TGF-β1 and 100 µg/L VEGF.  ×100. 

Figure 8.  Protein levels of α-SMA, E-cadherin and vimentin in HK-2 cell 
treated with 5 µg/L TGF-β1 alone, co-treated with 5 µg/L TGF-β1 and VEGF 
at 0.1–100 µg/L, or untreated for 48 h.  (A) Representative Western blot 
of α-SMA, E-cadherin and vimentin in HK-2 cells.  (B) Compared with HK-2 
cells treated with TGF-β1 alone, VEGF treatment significantly inhibited 
the expressions of α-SMA and vimentin and improved the expression of 
E-cadherin in a dose-dependent manner.  Results were shown as ratio 
of optical density for α-SMA, E-cadherin, or vimentin to that of β-actin 
and presented as mean±SD of 3 independent experiments.  bP<0.05 vs 
respective HK2 cells untreated; eP<0.05 vs respective HK2 cells treated 
with 5 µg/L TGF-β1 alone 
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inhibited TGF-β1-induced EMT in cultured human renal 
tubular epithelial cells in vitro.  Thus, for the first time to our 
knowledge, we provide evidence that the inhibitory effect of 
VEGF on tubulointerstitial fibrosis is likely associated with an 
amelioration of the EMT process.

It is well known that EMT is a novel mechanism involved 
in renal interstitial fibrosis[26, 27].  In obstructive nephropathy 

induced by UUO, the tubular epithelial cells lost expression 
of the epithelial cell marker E-cadherin and acquired mesen-
chymal features, such as expression of α-SMA and vimentin 
and production of interstitial matrix components, indicating 
that they were at a transitional stage between epithelium and 
mesenchyme[28–30].  In the UUO model, we observed an early 
induction of α-SMA at d 3 followed by a more robust α-SMA 
induction at d 7 after surgery.  The induction of α-SMA was 
closely associated with loss of the expression of the epithelial 
marker E-cadherin.  This result is consistent with previous 
studies[31, 32].  These data suggest that VEGF attenuates α-SMA 
expression and improves E-cadherin expression on d 3 and 
7 after surgery, but fails to function at d 14, indicating that 
VEGF inhibits EMT during the early stage of injury in the 
UUO mouse model.

EMT is regulated by many factors and in different ways, 
with TGF-β1 being the most potent inducer that is capable 
of initiating and completing the entire EMT course and with 

BMP-7 acting as an EMT inhibitor both in vitro and in vivo[33–37].  
CTGF can promote EMT both directly and as a downstream 
mediator of TGF-β1[38].  In our study, VEGF treatment reduced 
the expression of TGF-β1 and CTGF and upregulated the 
expression of BMP-7.  In accordance with the central role of 
TGF-β1 and its downstream signaling cascades in the activa-
tion of the cellular mechanisms that underlie the progression 
of EMT[39], VEGF-mediated inhibition of TGF-β1 and CTGF 
expression would abolish much of their profibrotic effects.  
Our results demonstrate that VEGF blocked fibrosis and EMT 
likely through its influence on TGF-β1, CTGF and BMP-7 
expression in UUO mice.

VEGF is a survival factor for vascular endothelial cells and 
plays an important role in the homeostasis of the vascular 
endothelium in addition to being a survival factor for renal 
tubular epithelial cells that is involved in renal tubule con-
struction[40–42].  VEGF expression in human and mouse kidney 
is confined to podocytes and tubular epithelial cells, and renal 
tubular epithelial cells are an important cellular resource of 
VEGF in the kidney.  There may be intrinsic renoprotective 
factors that maintain the epithelial phenotype of tubular cells 
in vivo, and loss of these factors may contribute to EMT.  VEGF 
may be a candidate for this type of factor because reduced 
expression of VEGF has been observed in tubulointerstitial 
fibrosis[11–13].  Furthermore, it has been reported that depo-
lymerized hyaluronan could inhibit developmental EMT of 
mouse endocardial cushions by inducing VEGF[43] and that 
supplementation with VEGF improved cyclosporine-mediated 
interstitial injury[44].  Therefore, modulation of VEGF expres-
sion might be a therapeutic approach for the prevention of 
progressive renal disease.

In summary, our data provide further in vivo and in vitro 
evidence that VEGF may improve tubulointerstitial fibrosis by 
inhibiting EMT at the early stage of injury.  Our findings may 
have clinical implications for the use of VEGF in patients with 
early chronic tubulointerstitial injury.  It remains to be inves-
tigated whether increased dosage of VEGF would be more 
effective in preventing EMT at later stages of injury.
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