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Abstract. Our previous study demonstrated that febuxostat, 
a xanthine oxidase inhibitor, can alleviate kidney dysfunc-
tion and ameliorate renal tubulointerstitial fibrosis in a rat 
unilateral ureteral obstruction (UUO) model; however, 
the underlying mechanisms remain unknown. Increasing 
evidence has revealed that epithelial-mesenchymal transition 
(EMT) is one of the key mechanisms mediating the progres-
sion of renal tubulointerstitial fibrosis in chronic kidney 
disease (CKD). Uterine sensitization-associated gene-1 
(USAG-1), a kidney-specific bone morphogenetic protein 
antagonist, is involved in the development of numerous types 
of CKDs. The present study aimed to investigate the role of 
febuxostat in the process of EMT in Madin-Darby canine 
kidney (MDCK) cells in vitro. Western blotting, reverse 
transcription-semiquantitative polymerase chain reaction 
analysis and immunofluorescence staining were used to 
evaluate the expression levels of bone morphogenetic protein 
7, USAG-1, α-smooth muscle actin (α-SMA) and E-cadherin, 
respectively. The results demonstrated that the expression 
of USAG-1 and α-SMA increased, and that of E-cadherin 
decreased significantly in MDCK cells following treatment 
with transforming growth factor-β1 (TGF-β1). The applica-
tion of small interfering RNA-USAG-1 potently inhibited 
TGF-β1-induced EMT. Subsequently, the effects of febuxo-
stat on TGF-β1-induced EMT was investigated. The results 
demonstrated that febuxostat downregulated the expression 

of USAG-1, and reversed TGF-β1-induced EMT in MDCK 
cells. Furthermore, pretreatment with febuxostat significantly 
restored the decreased expression levels of phosphorylated 
Smad1/5/8 induced by TGF-β1 in MDCK cells. The results 
of the present study suggested that USAG-1 may be involved 
in the EMT process of MDCK cells induced by TGF-β1, 
and febuxostat inhibited EMT by activating the Smad1/5/8 
signaling pathway via downregulating the expression of 
USAG-1 in MDCK cells.

Introduction

Renal interstitial fibrosis, characterized by the activation 
of interstitial fibroblasts, accumulation of excess extracel-
lular matrix components and tubular atrophy, is a common 
pathology associated with the progression of chronic kidney 
disease (CKD) to end-stage renal disease caused by various 
etiologies (1-3). The aforementioned interstitial and tubular 
alterations in the progression of CKD may lead to irreversible 
renal damage and impaired renal function, eventually leading 
to end-stage renal failure (4,5). Epidemiological studies 
have demonstrated that the prevalence of CKD is increasing 
annually worldwide with a high incidence and mortality rate, 
and has become a major global public health concern (6-8). 
Therefore, understanding the pathogenesis of the molecular 
mechanisms underlying tubulointerstitial fibrosis is of great 
importance to identify novel targets for the effective treatment, 
prevention and delay of CKD.

Epithelial-mesenchymal transition (EMT) has been 
reported as the major event characterizing the pathogenesis 
of renal interstitial fibrosis (9). In the process of EMT, renal 
tubular epithelial cells lose their unique phenotype and acquire 
the mesenchymal cell phenotype to differentiate into mesen-
chymal fibroblasts (10). Increasing evidence has indicated that 
transforming growth factor- β1 (TGF-β1) is the key factor in 
the regulation of renal interstitial fibrosis (11-13), and is the 
most potent inducer in initiating and completing the entire 
EMT course.

Bone morphogenetic protein-7 (BMP-7) is a homodi-
meric protein that belongs to the TGF-β superfamily, 
and has a wide range of biological activities including 
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the regulation of cell proliferation, and osteogenic and 
anti-inflammatory activity (14,15). Previous studies have 
revealed that BMP-7-knockout mice succumbed to mortality 
shortly after birth due to diffuse renal dysplasia, revealing 
that BMP-7 is indispensable for normal kidney develop-
ment (16,17). It has also been reported that the expression of 
BMP-7 in the kidney is downregulated and gradually becomes 
more serious with disease progression in the pathogenesis of 
ischemia-reperfusion injury (18), diabetic nephropathy (19), 
hypertensive nephrosclerosis (20) and unilateral ureteral 
obstruction (UUO) (21). In addition, numerous studies have 
demonstrated that exogenous BMP-7 could inhibit or reverse 
TGF-β1-induced EMT in vitro, prevent or delay the develop-
ment of fibrosis, and improve renal function in a variety of 
kidney disease models (22-24); however, the exact molecular 
mechanism of BMP‑7 in improving renal interstitial fibrosis 
has not been fully elucidated.

Uterine sensitization-associated gene-1 (USAG-1) is 
a specific antagonist of BMP‑7 and is mainly expressed in 
distal convoluted renal tubular epithelial cells (25). In adult 
kidneys, it has been reported that USAG-1 is the major 
negative regulator of BMP function, and binds to BMP-7, 
thereby inhibiting the interaction between BMP-7 and its 
receptor, ultimately weakening the renal protective effects of 
BMP-7 (26). Mice with USAG-1 knockout could promote the 
expansion of mesenchymal stem cells and accelerate fracture 
healing, and inhibit the development of renal interstitial 
fibrosis (27,28). Tanaka et al (29) revealed that USAG-1 
gene‑deficient mice with Alport syndrome had mild renal 
disease and delayed disease progression. It has been reported 
that USAG-1 gene defects were more capable of promoting 
acute kidney injury caused by cisplatin and chronic kidney 
injury compared with in wild-type mice, while renal protec-
tion was suppressed when BMP-7 neutralizing antibodies 
were administered. Thus, USAG-1 may affect the protec-
tive properties of endogenous BMP-7 in the kidney (25,30); 
however, whether USAG-1 affects the process of renal inter-
stitial fibrosis by altering the occurrence of EMT remains 
unclear.

Febuxostat, a novel non-selective xanthine oxidase 
inhibitor, potently reduces uric acid synthesis in the body, 
decreasing the concentration (31). Febuxostat is mainly used 
for the treatment of gout in clinical practice (32,33). A recent 
study demonstrated that febuxostat can also reduce serum 
uric acid levels, delay the progression of renal dysfunction 
in patients with chronic kidney disease and reduce the risk 
of cardiovascular disease, in addition to the treatment of 
gout (34). It was reported that febuxostat exhibited renal 
protective effects on cisplatin-induced acute and chronic 
kidney injury, and streptozotocin-induced diabetic rats in 
the experimental animal model, and thus could reduce renal 
tissue damage (35,36). Our previous study also revealed that 
febuxostat could ameliorate renal interstitial fibrosis caused 
by UUO (37).

Based on previous studies, the present study aimed 
to investigate the following: i) The role of USAG-1 in 
TGF-β1-induced EMT in Madin-Darby canine kidney 
(MDCK) cells; and ii) whether febuxostat could exert its 
inhibitory effect on EMT, and if so, whether this inhibitory 
effect was associated with the downregulation of USAG-1 

expression, thereby activating the BMP-7/Smad1/5/8 
signaling pathway.

Materials and methods

Cell lines. MDCK cells from Otwo Biotech (Shenzhen) Inc., 
Guangzhou, China were cultured in RPMI-1640 medium 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 
supplemented with 10% fetal bovine serum (FBS; Hangzhou 
Sijiqing Bioengineering Material Co., Ltd. Hangzhou, 
China) and cultured in a 5% CO2 incubator at 37˚C until 
60‑70% confluence was attained. Cells were treated with 
10 ng/ml human recombinant TGF-β1 (PeproTech, Inc., 
Rocky Hill, NJ, USA) for 48 h at 37˚C to induce EMT. For 
experimental use, MDCK cells were treated with RPMI-1640 
medium at 37˚C, containing 1% FBS (Hangzhou Sijiqing 
Bioengineering Material Co., Ltd.) for 12 h, and then treated 
with 10 ng/ml TGF-β1 combined with or without low 
(0.1 µM), middle (1 µM) or high (10 µM) concentrations of 
febuxostat for 48 h at 37˚C. All experiments were performed 
three times. Following treatment for 48 h, the cells were 
harvested for detection.

MTT assay for cell viability analysis. MDCK cells were seeded 
into 96-well culture plates and incubated with 1% FBS for 
12 h when the cells were attached, followed by treatment with 
different concentrations of febuxostat for 48 h. Cell viability 
was determined using an MTT assay. Subsequently, cells were 
incubated with MTT solution (0.5 mg/ml) for 4 h at 37˚C. The 
purple formazan crystals derived from the addition of MTT 
were dissolved in dimethyl sulfoxide and agitated for 10 min. 
The absorbance at 490 nm was measured using a microplate 
reader (BioTek Instruments, Inc., Winooski, VT, USA).

RNA interference. The sequences of small interfering 
(si)RNA-control (si-ctrl) and siRNA-USAG-1 interference 
plasmids flanked by EcoRI and AgeI restriction site were 
constructed into the H1 promoter of lentivirus infectious 
virions pGLV3-H1-GFP-Puro (Public Protein/Plasmid 
Library Biotechnology Co., Ltd. Nanjing, China). The 
negative control siRNA was designed as: Forward, 5'-TTC 
TCC GAA CGT GTC ACG TAA-3'; the siRNA-USAG-1 was 
designed as: Forward, 5'-CCT CCT GCC ATT CAT TTC 
TT-3'. Cells (1.0x106/ml) were plated into 6-mm wide petri 
dish and cultured in RPMI-1640 medium. A total of 5 µg 
siRNA-expressing plasmids and 10 µl Lipofectamine® 2000 
(Thermo Fisher Scientific, Inc.) were used for transfection 
when cell confluency reached 70-80%. MDCK cells were 
divided into the blank group, si-ctrl, TGF-β1 (10 ng/ml) 
stimulation (TGF-β1), TGF-β1 (10 ng/ml) plus siRNA-control 
(TGF-β1 + si-ctrl), and TGF-β1 (10 ng/ml) plus siRNA-USAG-1 
group (TGF-β1 + si-USAG-1). Following transfection for 6 h, 
the medium was removed and cells were cultured in serum-free 
medium containing 10% FBS without antibiotics. Following 
transfection for 22 h, the cells were treated with 10 ng/ml 
TGF-β1, containing 1% FBS for 48 h at 37˚C, and after 70 h 
of transfection, the cells were collected for experimentation.

R NA isola t ion and reverse t ranscr ipt ion (RT‑) 
semi‑quantitative polymerase chain reaction (sqPCR) 
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analysis. Total RNA was extracted from MDCK cells using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to manufacturer's protocols. RT of total RNA was 
performed using the TIANScript RT kit (Tiangen Biotech 
Co., Ltd., Beijing, China) with the following temperature 
protocol: 42˚C for 50 min, 95˚C for 5 min, then held at 
4˚C. The primers of α-smooth muscle actin (α-SMA) and 
E-cadherin were synthesized by Sangon Biotech Co., Ltd. 
(Shanghai, China). The primer sequences were as follows: 
α-SMA forward, 5'-GTG ATG GTG GGG ATG GGA CAA-3' 
and reverse, 5'-CCA GAG GCG TAG AGG GAA AGC-3' 
(311 bp); E-cadherin forward, 5'-CAG CAT CCT CAC ACA 
AGA CC-3' and reverse, 5'-TCA GCA TCC GTC ACT TTG 
AG-3' (300 bp); GAPDH forward, 5'-CTT GAA AGG CGG 
GGC CAA GAG G-3' and reverse, 5'-ACT GAT ACA TTG GGG 
GTG GGG ACA-3' (393 bp). sqPCR was performed using the 
2XTaq PCR MasterMix (Tiangen Biotech Co., Ltd. Beijing, 
China) with initial denaturation at 94˚C for 5 min, followed 
by 30 consecutive cycles of denaturation at 94˚C for 30 sec, 
annealing at 58‑62˚C for 30 sec, extension at 72˚C for 1 min, 
and then a final extension at 72˚C for 7 min using a thermal 
cycler system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The amplified products were analyzed by electropho-
resis on a 1.5% (w/v) agarose gel which was stained with 
fluorescence staining dye Goldview (Beijing Solarbio Science 
and Technology Co., Ltd. Beijing, China) at 60˚C. The gel was 
congealed at room temperature for 30 min. The electropho-
resis continued for 50 min at 110 V. The relative abundance 
of mRNAs was measured using GAPDH mRNA expression 
levels as the internal reference. The signal intensity of the 
images was analyzed using ImageJ version 1.48 software 
(National Institutes of Health, Bethesda, MD, USA).

Western blot analysis. Proteins were extracted from MDCK 
cells using radioimmunoprecipitation assay lysis buffer 
containing RIPA and the protease inhibitor PMSF (both 
Beyotime Institute of Biotechnology, Shanghai, China). The 
compounds were placed at 4˚C for at least 60 min and then 
centrifuged at 4˚C and 10,000 x g for 15 min. The supernatant 
was collected for western blotting. Protein concentration in 
the supernatant was determined using the BCA protein assay 
kit (Beyotime Institute of Biotechnology). Equal amounts of 
protein (60 µg) were separated using SDS-PAGE (8-10%) and 
transferred onto nitrocellulose membranes. The membranes 
were then blocked in PBS containing 3% bovine serum 
albumin (BSA; Vicmed Biotech Co. Ltd., Xuzhou, China) and 
incubated with primary antibodies, including anti-E-cadherin 
(1:1,000; cat. no. ab1416), anti-α-SMA (1:1,000; cat. 
no. ab7817), anti-USAG-1 (1:1,000; cat. no. ab99340; all 
Abcam, Cambridge, UK), anti-p-Smad1/5/8 (1:1,000; cat. 
no. 13820; Cell Signaling Technology, Inc., Danvers, MA, 
USA) and anti-Smad1/5/8 (1:1,000; cat. no. sc-6031-R; Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA) overnight at 4˚C. 
Near-infrared f luorescence-conjugated goat anti-rabbit 
(1:1,000; cat. no. V926-32211) or anti-mouse (1:1,000; cat. 
no. V926-32210; both Vicmed Biotech Co. Ltd.) secondary 
antibodies were used to incubate the membranes for 1 h at 
room temperature, which were developed colorimetrically via 
the Odyssey biocolor infrared fluorescence imaging system 
(LI-COR Biosciences, Lincoln, NE, USA). Quantification 

was performed by measuring the intensity of the signals using 
ImageJ software version 1.48 by quantifying the relative 
expression of target protein vs. GAPDH.

Immunof luorescence staining analysis. MDCK cells 
(1.0x104/ml) were seeded into 12-well plates with pre-placed 
slides. Following the adherence of cells, the cells were 
allowed to stand for 12 h with 1% FBS, prior to being washed 
with PBS twice and treated with TGF-β1 with or without 
different concentrations of febuxostat (0.1, 1 or 10 µM) for 
48 h. After 48 h, the cells were washed with PBS for three 
times for 5 min per wash and fixed at room temperature for 
30 min with 4% paraformaldehyde; 0.5% TritonX-100 was 
added to permeabilize cells for 10 min. Cells were subse-
quently washed with PBS three times for 5 min each time 
and covered with 2% BSA (Vicmed Biotech Co. Ltd.) for 
30 min at 37˚C. Next, cells were incubated with USAG‑1 
(1:200; cat. no. ab99340), α-SMA (1:200; cat. no. ab7817; both 
Abcam) or E-cadherin (1:200; cat. no. 14472; Cell Signaling 
Technology, Inc.) antibodies, which had been diluted in PBS 
overnight at 4˚C. Subsequently, the cells were incubated with 
goat anti-rabbit (1:500; cat. no. A-11034; Alexa Fluor 488) or 
anti-mouse (1:500; cat. no. A-11004; Alexa Fluor 568; both 
Thermo Fisher Scientific, Inc.) secondary antibodies for 2 h 
at 37˚C and were then stained with the nuclear‑specific stain 
DAPI (Beyotime Institute of Biotechnology) for 3 min at room 
temperature. Following three washes with PBS for 5 min per 
wash, anti‑fluorescence quenching liquid (Beyotime Institute 
of Biotechnology) was added to the clean glass slides and cells 
were analyzed under an Olympus BX43F fluorescence micro-
scope (Olympus Corporation, Tokyo, Japan). The excitation 
light of goat anti-rabbit secondary antibody is 488 nm, and 
the excitation light of goat anti-mouse secondary antibody 
is 568 nm. Digital images were captured using an inverted 
fluorescent microscope (magnification, x400).

Sta t is t ica l  analys is.  Data a re  presented as  the 
mean ± standard error of the mean. Statistical analysis 
was performed using SPSS 16.0 statistical software (SPSS, 
Inc., Chicago, IL, USA). Comparison between groups was 
conducted using one-way analysis of variance, followed by 
the Least Significant Difference test with homogeneity of 
variances, or the Dunnett's T3 test with heterogeneity of 
variances. P<0.05 was considered to indicate a statistically 
significant difference. All experiments were performed 
three times.

Results

TGF‑β1 upregulates the expression of USAG‑1 and 
induces EMT in MDCK cells, whereas USAG‑1 gene 
silencing prevents TGF‑β1‑induced EMT. According to the 
western blotting results, transfection with siRNA-USAG-1 
significantly decreased the protein expression of USAG‑1 
compared with the siRNA-control group (Fig. 1A). Following 
treatment with TGF-β1, the protein expression levels of 
USAG-1 (Fig. 1B) and α-SMA (Fig. 1C) were significantly 
increased, while that of E-cadherin (Fig. 1D) was signifi-
cantly decreased in MDCK cells compared with the blank 
group (P<0.01). Additionally, it was also demonstrated 
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that transfection with USAG-1-specific siRNA for 70 h 
and TGF-β1 treatment significantly decreased the protein 
expression of α-SMA (Fig. 1C), while that of E-cadherin 
was increased compared with the TGF-β1 + siRNA-control 
group (P<0.01; Fig. 1D). Immunofluorescence revealed that 
the findings were consistent with those of western blotting. 
MDCK cells treatment with TGF-β1 exhibited an increased 
intensity of anti-α-SMA labeling (Fig. 1E, red staining) and 
a decreased intensity of anti-E-cadherin labeling (Fig. 1F, 
red staining); however, siRNA-USAG-1 reversed the these 
alterations induced by TGF-β1 (Fig. 1E and F). Notable 
differences were observed in protein expression between 
the blank and the siRNA-control groups, or the TGF-β1 and 
TGF-β1 + siRNA‑control groups. Collectively, these findings 

indicated that USAG-1 may promote the occurrence of EMT 
induced by TGF-β1 in MDCK cells.

USAG‑1 inhibits the activity of the Smad1/5/8 signaling 
pathway in TGF‑β1‑induced EMT. USAG-1 is a specific 
antagonist of BMP-7, and Smad1/5/8 are the key intracel-
lular signaling proteins of BMP-7; the phosphorylation 
of Smad1/5/8 is a central downstream element of BMP 
signal transduction (30,38). Therefore, the present study 
examined the levels of phosphorylated and total Smad1/5/8 
by western blot analysis. Compared with the blank group, 
the phosphorylation levels of Smad1/5/8 were significantly 
decreased in MDCK cells following treatment with TGF-β1; 
the phosphorylation levels of Smad1/5/8 were significantly 

Figure 1. Effects of USAG-1 on epithelial-mesenchymal transition induced by TGF-β1 in MDCK cells. MDCK cells were transfected with a negative control 
siRNA or a siRNA-USAG-1 plasmid for 70 h. The protein expression levels of (A and B) USAG-1, (C) α-SMA and (D) E-cadherin were evaluated using 
western blotting. All the data are presented as the mean ± standard error of the mean, n=3. **P<0.01 vs. blank group; ††P<0.01 vs. siRNA-ctrl; $P<0.05 and 
$$P<0.01 vs. TGF-β1 + siRNA‑ctrl group. Immunofluorescence staining demonstrated the labeling intensity of (E) α-SMA (red staining) and (F) E-cadherin 
(red staining). Magnification, x400. α-SMA, α-smooth muscle actin; MDCK, Madin-Darby canine kidney; si, small interfering RNA; si-ctrl, siRNA-control; 
si-USAG-1, siRNA-USAG-1; TGF-β1, transforming growth factor-β1; USAG-1, uterine sensitization-associated gene-1.
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upregulated compared with the TGF-β1 + siRNA-control 
group, almost to basal levels of the blank group following 
si-USAG-1 transfection and TGF-β1 treatment (Fig. 2). No 
significant difference was observed in the protein expression 
levels between the blank and the siRNA-control groups, or 
the TGF-β1 and TGF-β1 + siRNA-control groups. These 

results indicated that USAG-1 may promote the occurrence 
of EMT by, at least partly, inhibiting the activity of the 
Smad1/5/8 signaling pathway.

Effects of febuxostat on cell viability. In order to examine the 
effects of febuxostat on the viability of MDCK cells, cells 
were treated with various concentrations of febuxostat for 
48 h. The results revealed that concentrations of febuxostat at 
30, 40 and 50 µM significantly reduced cell viability compared 
with the blank group. Conversely, there was no or little effects 
on cell viability at doses of 0.01, 0.1, 1 and 10 µM febuxo-
stat compared with the blank group (Fig. 3). Considering the 
effects of febuxostat on cell viability and the results of MTT 
assay, concentrations of 0.1, 1 and 10 µM febuxostat were 
selected for subsequent experiments.

Febuxostat inhibits the expression of USAG‑1 in MDCK 
cells. The expression of USAG-1 in MDCK cells was detected 
by western blotting and immunofluorescence staining. 
Immunoblotting demonstrated that middle and high concen-
trations of febuxostat significantly decreased the expression of 
USAG‑1, while a low concentration had no significant effect 
on expression compared with the TGF-β1 group (Fig. 4A). 
Immunofluorescence staining further revealed that the labeling 
intensity of USAG-1 (red staining) notably increased following 
TGF-β1 treatment; however, low, middle and high concentra-
tions of febuxostat weakened the increased labeling intensity 
of USAG-1 induced by TGF-β1, particularly when middle and 
high concentrations of febuxostat were applied (Fig. 4B).

Febuxostat inhibits the EMT of MDCK cells induced by 
TGF‑β1. EMT is an important mechanism that induces renal 
interstitial fibrosis, and it is essential for the development of 
chronic kidney disease (39). To investigate the role of febuxo-
stat in TGF-β1-induced EMT, the expression levels of the 
epithelial marker, E-cadherin, and the mesenchymal marker, 
α-SMA, were determined by semi-qPCR and western blotting. 
MDCK cells exposed to TGF-β1 for up to 48 h exhibited a 
significant increase in α-SMA at the mRNA (Fig. 5A) and 
protein (Fig. 5B) expression levels (P<0.01), while the expres-
sion levels of E-cadherin at the mRNA (Fig. 5C) and protein 
(Fig. 5D) expression levels were significantly decreased, 
compared with in the blank group (P<0.01). Conversely, middle 
and high concentrations of febuxostat significantly reversed the 
downregulation of E-cadherin mRNA and protein expression 
(Fig. 5C and D) stimulated by TGF-β1; a low concentration 
of febuxostat significantly affected the mRNA expression of 
E-cadherin compared with TGF-β1 treatment alone (Fig. 5C). 
In addition, there were no notable effects on the expression of 
α-SMA at the mRNA and protein expression levels following 
treatment with a high concentration of febuxostat in normal 
cells.

The fluorescence intensity of USAG-1 (green staining) 
co-stained with α-SMA (red staining) or E-cadherin (red 
staining) was further investigated by double immunofluores-
cence staining (Fig. 6). MDCK cells treated with TGF-β1 
exhibited a strong fluorescence intensity for USAG-1 and 
α‑SMA, but the fluorescence intensity for E‑cadherin was weak 
compared with the blank group. Treatment with febuxostat 
reversed these effects. Furthermore, double immunolabeling 

Figure 3. Effects of febuxostat on the viability of MDCK cells. MDCK cells 
were incubated with different concentrations of febuxostat (0.01, 0.1, 1, 10, 
30, 40 and 50 µM) for 48 h; 0 µM febuxostat was represented as the blank 
group. All the data are presented as the mean ± standard error of the mean, 
n=3. *P<0.05, **P<0.01 vs. blank group. MDCK, Madin-Darby canine kidney.

Figure 2. Effects of USAG-1 silencing on the expression of p-Smad1/5/8. 
Madin-Darby canine kidney cells were transfected with a negative control 
siRNA or a siRNA-USAG-1 plasmid for 70 h. The expression levels of 
p-Smad1/5/8 were evaluated using western blotting. All the data are presented 
as the mean ± standard error of the mean, n=3. **P<0.01 vs. blank group; 
††P<0.01 vs. siRNA-ctrl; $P<0.05 vs. TGF-β1 + siRNA-ctrl group. p, phos-
phorylated; si, small interfering RNA; si-ctrl, siRNA-control; si-USAG-1, 
siRNA-USAG-1; TGF-β1, transforming growth factor-β1; USAG-1, uterine 
sensitization-associated gene-1.
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indicated that USAG-1 co-expressed with α-SMA (Fig. 6A) or 
E-cadherin (Fig. 6B) in the same MDCK cells; the notably 
increased labeling intensity of USAG-1 in MDCK cells tended 
to be accompanied by strong α-SMA labeling intensity or a 
weak labeling of E-cadherin, and vice versa.

The aforementioned results suggested that febuxostat 
could reverse the occurrence of EMT in MDCK cells induced 
by TGF-β1; the underlying mechanism may be at least partly 
associated with the downregulation of USAG-1.

Effects of febuxostat on the activity of the Smad1/5/8 
signaling pathway in MDCK cells. To determine the effect 
of febuxostat on the activity of the Smad1/5/8 signaling 
pathway, the levels of p-Smad1/5/8 and total Smad1/5/8 in 
MDCK cells were examined. Western blotting demonstrated 
that TGF-β1 significantly decreased the expression levels 
of p-Smad1/5/8, indicating a reduced activity of Smad1/5/8 
signaling. Compared with the TGF-β1 group, treatment with 
different concentrations of febuxostat significantly increased 
the levels of p-Smad1/5/8. Febuxostat alone had no significant 
effect on the expression of p-Smad1/5/8 in uninduced cells. 
These results suggested that the Smad1/5/8 signaling pathway 
is involved in the TGF-β1-induced EMT process, and these 
effects may be inhibited by febuxostat (Fig. 7).

Discussion

Our previous study reported that febuxostat was able to 
ameliorate renal tubulointerstitial fibrosis in a rat model of 
UUO (37). The present study reported that USAG-1 served an 
important role in the onset of TGF-β1-induced EMT, and that 
febuxostat exerts its inhibitory effect on EMT by inhibiting the 

expression of USAG-1 and activating the Smad1/5/8 signaling 
pathway.

Renal interstitial fibrosis is the final outcome of the 
development of all types of CKD, and is associated with the 
progression of chronic renal failure, the main cause of end-stage 
renal failure (3). Recent studies have demonstrated that almost 
all types of renal injury can induce the occurrence of EMT in 
renal tubular epithelial cells, which is an important process 
in the pathogenesis of tubulointerstitial fibrosis (39,40). EMT 
is characterized by the loss of epithelial cell characteristics 
and the acquisition of mesenchymal markers due to excessive 
exposure to a variety of profibrotic cytokines (2). TGF-β1 is 
a well-characterized fibrogenic cytokine, which is associ-
ated with renal diseases and serves a key role in EMT (11). 
The present study revealed that TGF-β1 could induce EMT 
in MDCK cells. Following 48 h of TGF-β1 treatment, EMT 
was readily induced in MDCK cells, as determined by the 
downregulation of E-cadherin for the epithelial phenotype, 
and upregulation of α-SMA for the mesenchymal phenotype. 
These results demonstrated that TGF-β1 is capable of success-
fully inducing EMT, which is consistent with a previous 
report (41).

BMP-7, formerly known as osteogenic protein-1, is a 
member of the BMP-subfamily within the TGF-β superfamily, 
and serves an important role in maintaining the function 
of renal tubular epithelial cells (42). It has been reported 
that BMP-7 could upregulate the expression of E-cadherin 
in human fibroblasts induced by TGF-β1, and reduce the 
secretion of proinflammatory cytokines and growth factors, 
inhibiting or reversing the renal tubular EMT process; thus, the 
formation of renal fibrosis is reduced (43). The Smad signaling 
pathway is essential for TGF-β1-induced EMT. Increasing 

Figure 4. Effects of febuxostat on the expression of USAG-1 protein in TGF-β1-treated Madin-Darby canine kidney cells. Cells were incubated with different 
concentrations of febuxostat with or without TGF-β1 for 48 h. The protein expression of USAG‑1 was evaluated by (A) western blotting and (B) immunofluo-
rescence staining. There were no significant effects on the protein expression of USAG‑1 when cells were treated with a high concentration of febuxostat in 
normal cells. All the data are presented as the mean ± standard error of the mean, n=3. **P<0.01 vs. blank group; ##P<0.01 vs. TGF-β1 group. USAG-1, uterine 
sensitization-associated gene-1.
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evidence has indicated that BMP-7 could inhibit or reverse 
renal interstitial fibrosis in animal models by regulating 
downstream of the Smad1/5/8 signaling pathway (19,21,38). 
BMP-7 activity in the kidney is not only determined by 
the availability of BMP-7 itself, but also by the balance of 
antagonists (44). USAG‑1, a specific BMP‑7 antagonist that 
is mainly produced by renal distal tubular epithelial cells of 

the adult kidney, serves a critical role in the modulation of the 
renoprotective action of BMP-7 (45). Therefore, the present 
study investigated the effects of USAG-1 on TGF-β1-induced 
EMT and the activity of the p-Smad1/5/8 pathway in MDCK 
cells by dysregulating the expression of USAG-1. The results 
of the present study demonstrated that TGF-β1 upregulated 
the expression of USAG-1 and α-SMA, but downregulated 

Figure 5. Effects of febuxostat on the expression of α-SMA and E-cadherin at the mRNA and protein levels in MDCK cells. Incubation of MDCK cells 
with various concentrations of febuxostat in the presence or absence of TGF-β1 for 48 h. (A) mRNA and (B) protein expression levels of α-SMA were 
determined by semi-qPCR and western blotting, respectively. (C) mRNA and (D) protein expression levels of E-cadherin were determined by semi-qPCR and 
western blotting, respectively. All the data are presented as the mean ± standard error of the mean, n=3. *P<0.05 and **P<0.01 vs. blank group; #P<0.05 and 
##P<0.01 vs. TGF-β1 group. α-SMA, α-smooth muscle actin; FH, high-concentration febuxostat; FL, low-concentration febuxostat; FM, middle-concentration 
febuxostat; MDCK, Madin-Darby canine kidney; qPCR, quantitative polymerase chain reaction; TGF-β1, transforming growth factor-β1.
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that of E-cadherin and p-Smad1/5/8 protein, which were 
statistically significantly different to the expression profiles in 
the control group. Conversely, siRNA‑USAG‑1 significantly 
decreased the expression of α-SMA, and increased the protein 
expression levels of E-cadherin and p-Smad1/5/8. Therefore, 
it may be suggested that USAG-1 is involved in promoting 
the occurrence of EMT in MDCK cells, and its mechanism 
may be associated with downregulation of the activity of the 
Smad1/5/8 signaling pathway.

Due to the important role of EMT in renal fibrosis, any 
therapeutic strategy that targets the EMT may improve 

fibrosis. Febuxostat, a xanthine oxidase inhibitor, achieves 
its therapeutic effect by decreasing the levels of uric acid in 
the serum (31). The results of early animal experiments indi-
cated that febuxostat could alleviate kidney dysfunction in 
patients, and improve renal interstitial fibrosis in a rat model 
of UUO (37,46); however, whether febuxostat serves a role in 
preventing renal tubular EMT induced by TGF-β1 remains 
unknown. In the present study, it was observed that the protein 
expression levels of USAG‑1 were significantly increased in 
the TGF-β1 group; however, febuxostat treatment suppressed 
the expression of USAG-1 and α-SMA, while upregulating 

Figure 6. Double immunofluorescence for (A) α-SMA/USAG-1 and (B) E-cadherin/USAG-1 in TGF-β1-induced MDCK cells. Incubation of MDCK cells with 
different concentrations of febuxostat in the presence or absence of TGF-β1 for 48 h. USAG‑1 was identified as green staining, α-SMA and E-cadherin were 
identified as red staining. Magnification, x400. α-SMA, α-smooth muscle actin; FL, low-concentration febuxostat; FM, moderate-concentration febuxostat; 
FH, high-concentration febuxostat; MDCK, Madin-Darby canine kidney; TGF-β1, transforming growth factor-β1; USAG-1, uterine sensitization-associated 
gene-1.
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that of E-cadherin, suggesting that the anti-EMT effect of 
febuxostat may be associated with the downregulation of 
USAG-1 expression in MDCK cells.

BMP-7 serves a key role in the phosphorylation of Smad1/5/8 
in the transcription of target genes. It has been revealed that 
the BMP-7-Smad1/5/8 signaling pathway was suppressed in 
a UUO rat model (37). The signaling pathway is activated 
while kidney obstruction is repaired, suggesting that the 
BMP-7-Smad1/5/8 signaling pathway serves an important role 
in the treatment of renal interstitial fibrosis (38). Therefore, the 
phosphorylation levels of Smad1/5/8 in TGF-β1-induced EMT 
in MDCK cells was measured in the present study. The phos-
phorylation levels of BMP-7 downstream protein Smad1/5/8 
appeared to be maintained in normal MDCK cells, but was 
decreased following treatment with TGF-β1. Nevertheless, the 
phosphorylation level of Smad1/5/8 protein was significantly 
increased following the treatment with febuxostat in MDCK 
cells. Therefore, it is also possible that febuxostat may down-
regulate the expression of the BMP-7 antagonist USAG-1, 
which in turn enhances the activity of the Smad1/5/8 signaling 
pathway, ultimately inhibiting TGF-β1-induced EMT in 
MDCK cells.

Homeobox protein Hox-A13 (HOXA13), a transcriptional 
factor encoded by a homeobox gene, can bind to the promoter 
region of USAG-1 and negatively modulating expression (47). 
A recent study revealed that albumin could significantly inhibit 
HOXA13 expression in time- and dose-dependent manners 

in HKC renal tubular epithelial cells, and the upregulation of 
HOXA13 could exert a beneficial effect in albumin‑induced 
EMT in HKC cells (48). Additionally, it has been reported that 
EMT-induced by albumin in HK-2 cells is directly mediated 
by the production of reactive oxygen species (ROS) (49,50). 
Therefore, the increased production of ROS may be the leading 
cause of the reduced HOXA13 expression in albumin-induced 
EMT. Febuxostat, a non-purine selective xanthine oxidase inhib-
itor, can effectively inhibit ROS production in various diseases 
and conditions such as ischemia/reperfusion injury (51,52), 
atherosclerosis (53). Based the aforementioned reports, 
decreased ROS production by febuxostat could upregulate the 
expression of HOXA13 and subsequently inhibit the expression 
of USAG-1 in MDCK cells, thereby reversing the occurrence of 
TGF-β1-induced EMT; however, the exact mechanism of action 
of febuxostat on USAG-1 requires further investigation.

In summary, the results of the present study provided 
evidence that USAG-1 may be involved in the process of EMT 
induced by TGF-β1, and febuxostat could reduce the expres-
sion of USAG-1 and activate the BMP-7-Smad1/5/8 signaling 
pathway, thereby reversing the occurrence of EMT. The present 
study not only provides a theoretical basis for the treatment of 
renal interstitial fibrosis using febuxostat in clinical practice, 
but also proposes USAG-1 as a potential therapeutic target in 
the treatment of kidney disease.
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