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TGF-β1 relieves epithelial–mesenchymal transition reduction
in hypospadias induced by DEHP in rats
Yue Zhou1,2, Fangyuan Huang1, Yang Liu1, Dian Li1, Yu Zhou1, Lianju Shen1, Chunlan Long1, Xing Liu1 and Guanghui Wei1

BACKGROUNDS: To investigate the potential mechanism of hypospadias induced by DEHP in rats to reveal the preventative effect
of TGF-β1 in hypospadias induced by DEHP via the reduction of EMT.
METHODS: Time-mated Sprague-Dawley rats underwent cesarean section, and the penises of male pups were collected after
exposure to corn oil or DEHP to establish a rat model of hypospadias and to further study the molecular mechanisms of
hypospadias in vivo. In addition, the penises were cultured and treated with MEHP or MEHP+TGF-β1 in vitro. Subsequently,
histomorphology and elements in TGF-β/Smad signaling pathway changes were evaluated using scanning electron microscopy,
immunofluorescence, polymerase chain reaction, and western blot.
RESULTS: The development of rat penis and urethral seam fusion were delayed after the treatment with DEHP in vivo or MEHP
in vitro compared with the Control group. Moreover, TGF-β1, Smad2/Smad3, and the mesenchymal biomarkers, including α-SMA,
N-cadherin, and Vimentin, were decreased. However, the epithelial biomarkers, including E-cadherin, ZO-1, β-catenin, and occludin,
were increased. In addition, TGF-β1 could relieve all of the above changes.
CONCLUSION: Gestational DEHP exposure could lead to hypospadias by reducing urethral EMT. Moreover, TGF-β1 could prevent it
by regenerating EMT through activating the TGF-β/Smad signal pathway.
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INTRODUCTION
Hypospadias, a common congenital urogenital malformation, is a
defect in the normal development of the foreskin, urethra, and
ventral aspect of the penis with a morbidity of 1/200–1/300 infant
males and has displayed an increasing trend with each year.1–3 As
is widely known, hypospadias can only be treated by surgery.1

Nevertheless, many unavoidable complications, such as fistula and
stricture, remain to threaten the quality of life in these children.4 In
addition, its precise etiology is largely unknown. Therefore,
seeking the mechanism of hypospadias is urgently needed for
prevention. Recent advancements in molecular biology and
microarray technology demonstrated that the doubling incidence
of hypospadias was potentially related to environmental endo-
crine disruptors, which might have an estrogen-like or anti-
androgen effect and could interfere with the body’s endocrine
system to produce adverse developmental, reproductive, neuro-
logical, and immune effects in both humans and wildlife.5,6

Diethylhexyl phthalate (DEHP) is a plasticizer, which is used to
soften polyvinylchloride plastics and non-polymers, and is a
common endocrine disruptor that is largely produced and widely
used in China.6 Previous studies have found that many routes of
exposure to DEHP, including medical devices, furniture, food, or
intake from water and air, were of concern to human health.7,8

Moreover, DEHP is difficult to biodegrade and gradually accumu-
lates, which has an adverse accumulation effect on the offsprings
and other organisms in the food chain, resulting in serious

harm.9,10 Furthermore, prenatal DEHP exposure had been
associated with the formation of congenital hypospadias in
multiple animal studies.11,12

Several previous studies have contrasted and analyzed the gene
expression levels between these organisms with or without the
exposure of DEHP.13,14 The results have showed that exposure to
DEHP could decrease the expression level of transforming growth
factor (TGF)-β.13,15 The TGF-β family, as a powerful cytokine family,
plays a significant role in numerous cell functions, including
proliferation, differentiation, migration, and transduction in all
tissues.16 Moreover, in the TGF-β/Smad signal pathway, TGF-β
could activate Smad protein through phosphorylation, thereby
regulating the downstream transforming factors, such as the
epithelial–mesenchymal transition (EMT) signal pathway.17 EMT is
an important process in urethra embryogenesis. EMT is a
fundamental biological process by which epithelial cells shift to
mesenchymal cells in order to generate or regenerate tissues.
Upon EMT, epithelial cells, losing their cell–cell adhesion and
polarity, undergo multiple biological changes that enable them to
acquire some mesenchymal characters: non-polarized, lacking
intercellular junctions, and moving throughout the extracellular
matrix.18,19 Epithelial cells in the urethral seam remodel into
mesenchymal cells after urethral plate fusion through EMT, as
confirmed by our previous work.20 If disrupted, urethral seam
fusion would retard, or even stop, resulting in the formation of
hypospadias.21 In addition, EMT is regulated by the TGF-β/Smad
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signal pathway, and DEHP can suppress TGF-β expression; thus we
speculated whether the mechanism of hypospadias induced by
DEHP is related to the TGF-β/Smad signal pathway.22

In summary, the objective of our study is to explore the effects
of DEHP regulating the TGF-β/Smad signal pathway through the
targeting of EMT on the occurrence and development of
hypospadias, as well as to evaluate the preventative effect of
TGF-β1 in hypospadias induced by DEHP via the reduction of EMT.

MATERIAL AND METHODS
Ethics statement and animals
Virginal Sprague-Dawley rats were obtained from the Experi-
mental Animal Center of the Chongqing Medical University
(Chongqing, China) [SPF, License No.: SCXK (Chongqing) 2017-
0001] and raised at the Experimental Animal Center at the
Children’s Hospital of Chongqing Medical University (Chongqing,
China) [SPF, License No.: SYXK (Chongqing) 2017-0012]. Each
female rat was mated with another single male adult rat at 5 p.m.
The morning that the vaginal plug found was considered as
embryonic day (ED) 0. These rats were housed in polycarbonate
cages in a controlled environment with a 12 h light/12 h dark
illumination schedule (7:00 a.m. light on/7:00 p.m. light off) and
free access to water and food. The study was carried out in strict
accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health.
All animal experimental procedures were approved by the ethics
committee of Chongqing Medical University.

Dose selection and animal model
One hundred and eighty pregnant rats were, respectively,
randomly divided into three groups each as follows: (1) Control
group (n= 30); (2) DEHP500 group (n= 90); and (3) DEHP750 group
(n= 60). Among them, the rats in the Control, DEHP500, and
DEHP750 groups were intragastrically administrated with corn oil
and DEHP at a dosage of 500mg/kg/day and 750mg/kg/day,
respectively, from ED 12 to ED 18. Subsequently, on ED 19, all of
the dams were anesthetized and the genital tubercle (GT) of male
embryos was harvested. The gross image of GT was observed
under anatomic microscope to distinguish hypospadiac rats, and
the gender of the embryos was confirmed by sexual glands.

Penis culture
In the in vitro experiment, 50 pregnant Sprague-Dawley rats were
raised until ED 16. The male pups were cesarean sectioned and
their penises were extracted. All penises were divided into three
groups: Control, monoethylhexyl phthalate (MEHP), and TGF-β
groups. The penises were placed on cellulose membranes
supported by stainless steel mesh in 35-mm dishes containing
Dulbecco’s modified Eagle’s medium and 50 U/ml penicillin,
25 µg/ml streptomycin, 0.1 mg/ml ascorbic acid, and 10 nM
dihydrotestosterone as described by Emily et al.23 and grown for
48 h in an incubator at 37 °C containing air supplemented with
5% CO2. The media of the MEHP group contained 500 µM MEHP,
and the media of the TGF-β group contained 500 µM MEHP and
50 ng/ml growth factor TGF-β1.
Moreover, another 20 ED 16 penises were divided into four

groups, including Control group (cultured in media containing no
additive for 24 h), MEHP group (MEHP 500 µM for 24 h), pre-TGF-β
group (MEHP 500 µM+growth factor TGF-β1 50 ng/ml for 24 h),
and post-TGF-β group (MEHP 500 µM for 24 h and then TGF-β1
50 ng/ml for the next 24 h), respectively.
All cultured penises were recorded under anatomic microscope.

Scanning electronic microscopy
Penises from these rats in different groups in the in vivo
experiment were fixed in glutaraldehyde for 2 days at 4 °C. All
of the samples were washed with sodium cacodylate for 1 h, then

sequentially dehydrated in 30, 50, 70, 90, and 100% (v/v) ethanol
for 5 min each. Finally, specimens were visualized under scanning
electron microscope (Hitachi-7500, Japan) after critical-point
drying and gold-coating treatments.

Hematoxylin–eosin (HE) staining
The penises were 4% formalin fixed, dehydrated, and paraffin
embedded and then serial transverse sectioned. The sections were
underwent deparaffinization, hydration in alcohol gradient, and
staining with HE successively. Images were observed under optical
microscope.

Immunofluorescence—paraffin
After deparaffinization, hydration, and blockage in 5% bovine
serum albumin (BSA) at room temperature, paraffin sections were
incubated with the primary antibodies E-cadherin (labeling
epithelial cells, CST, #14472, USA, 1:50), α-smooth muscle actin
(α-SMA; labeling mesenchymal cells, Abcam, ab124964, UK, 1:300),
zonula occludens 1 (ZO-1; labeling epithelial cells, Invitrogen, #61-
7300, USA, 1:50) N-cadherin (labeling mesenchymal cells, Invitro-
gen, #33-3900, USA, 1:100), occludin (labeling epithelial cells,
Invitrogen, #40-4700, USA, 1:250), and N-cadherin, at 4 °C
overnight. On the second day, sections were washed with
phosphate-buffered saline (PBS) for 5 min 3 times and then
incubated by second antibodies for 1 h at room temperature. The
nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI).
Samples were recorded under fluorescence microscope. Positively
stained cells were counted from all the urethral seam areas of five
cross-sections of three male pups in each group.

Immunofluorescence—freezing
All cultured penises were collected and 4% formalin fixed, then
10-µm frozen sections of the cultured penis were obtained with
cryostat microtome. After permeabilization in 0.1% Triton X-100 in
PBS for 10 min, sections were blocked in 0.5% BSA in PBS for 1 h at
room temperature, followed by an overnight incubation of
primary antibodies, E-cadherin and α-SMA, at 4 °C. Following a
PBS wash, the sections were incubated with Cy3-conjugated goat
anti-mouse (CW0145S, China) and 488-conjugated goat anti-rabbit
(CW0159S, China) for 1 h at room temperature. The nuclei were
stained with DAPI for 1 h. Images were obtained with an A1R
confocal microscopy system (Nikon, Tokyo, Japan) and prepared
with the Nikon NIS-element AR 4.0 software. Positively stained
cells were counted from all the urethral seam areas of five cross-
sections of three male pups in each group.

Quantitative real-time polymerase chain reaction (qRT-PCR)
Total mRNA of the penis was isolated using an RNA Extraction Kit
(BioTeke, RP1202, China) and quantified by spectrophotometry at
260 nm, then reverted into cDNA by a Reverse Transcription Kit
(TAKARA-RR037A, Japan) according to the manufacturer’s recom-
mendations. The optimum annealing temperature (Tm) of each
primer was analyzed in a 12.5-μl reaction volume containing 5 μl
EmeraldAmp PCR Master Mix (TAKARA-RR300, Japan) using the
Real-Time PCR system. Q-PCR was performed to confirm the
expression of genes in the TGF-β/Smad signal pathway, including
TGF-β1, Smad2, Smad3, Snail, Slug, E-cadherin, occludin, ZO-1, β-
catenin, α-SMA, N-cadherin, and Vimentin, according to the
manufacturer’s guidelines using SYBR Q-PCR Premix (TAKARA-
RR820A, Japan). Q-PCRs were run using the following program:
98 °C, 2 min+ (98 °C, 10 s+ Tm 30 s+ 72 °C, 30 s) × 35 cycles+
72 °C, 2 min. β-Actin was considered as an inner control to
calculate the relative expression of those genes. All procedures
were repeated three times.

Western blot
Total protein was extracted from the penises and quantitated
according to the manufacturer’s specifications. Total protein
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extract was denatured in buffer at 100 °C for 10 min and separated
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis.
Protein was transferred to a polyvinylidene fluoride membrane
(Millipore, USA). After blocking with 5% fat-free milk, the
membrane was incubated with the primary antibodies TGF-β1
(Abcam, ab92486, UK, 1:500), p-Smad2/Smad3 (CST, #8828, USA,
1:1000), Snail+Slug (Abcam, ab180714, UK, 1:1000), E-cadherin
(1:1000), ZO-1 (1:1000), occluding (1:1000), β-catenin (Santa, sc-
7199, USA, 1:1000), α-SMA (1:5000), N-cadherin (1:5000), Vimentin
(Abcam, ab8978, UK, 1:500), and β-actin (Abcam, ab8226, UK,
1:5000) at 4 °C overnight, respectively. On the next day, the
membrane was washed and incubated with secondary antibody
at room temperature for 2 h, then detected by chemiluminescent
reaction (Millipore, USA). The image collection and densitometric
analysis were performed using the ImageJ version 1.44 analysis
software.

Statistical analysis
All experiments were performed more than three times, and the
data of this research were presented as the mean ± SD.
Comparisons between groups were analyzed using one-way
analysis of variance. A probability level of <0.05 (P < 0.05) was
considered significant. The SPSS 22.0 statistical package was
employed (SPSS, Inc., Chicago, USA).

RESULTS
DEHP repressed urethral plate fusion, resulting in the formation of
hypospadias in rats
After exposure to DEHP, the incidence of hypospadias in fetal
male rats was 0.00, 27.58, and 36.21% in the Control, DEHP500, and
DEHP750 groups, respectively. To investigate the toxicity effect of
DEHP on the rat penis, a scanning electron microscope was used
to observe the gross image of the fetal penis. It was a round and
straight structure with a clear narrow urethral groove in the

ventral part and a well-defined coronary sulcus that divided the
shaft and glans penis in the Control group (Fig. 1a). However, in
the ventral part of the penis in the DEHP500 group, a wide urethral
groove was obvious, and the bilateral prepuce shrank like a quilt
covering on the ventral penis (Fig. 1b). In addition, the prepuce
could not enclose all of the spongiosum, leaving a V-shaped cleft
in the ventral penis in the DEHP750 group (Fig. 1c). Particularly, the
urethral opening was on the ventral side of the glans in
the DEHP500 group (Fig. 1b) and on the ventral side of the penis
in the DEHP750 group (Fig. 1c) but in the center of the glans in the
Control group (Fig. 1a). Moreover, a transverse section was stained
with HE to show the morphology of the inner structure at the
same level of the penis in each group. In the Control group, the
urethral plate was completely fused, and the urethra tube was
fully formed (Fig. 1d). Nevertheless, in the DEHP500 group, the
bilateral urethral plate was just touching, and the primary urethra
opened toward the outside (Fig. 1e). In the DEHP750 group, the
prepuce was deformed and became very thin compared with the
Control group, and the ventral prepuce was missing with a
remarkable defect (Fig. 1f). Therefore, we suggested that DEHP
could induce the occurrence of hypospadias in rats through
delaying urethral plate fusion.

DEHP decreased the expression level of the EMT signal pathway
Pregnant rats were exposed to DEHP for a week, and then the
expression of epithelial and mesenchymal relevant biomarkers
was tested. In the Control group, some cells that co-expressed
epithelial marker E-cadherin and mesenchymal marker α-SMA, ZO-
1 (epithelial marker), and N-cadherin (mesenchymal marker) also
confirmed the concurrence phenomenon. In the DEHP500 and
DEHP750 groups, few cells expressed epithelial markers and
simultaneously expressed mesenchymal markers (Fig. 2a, b). At
the same level of the penis transverse section, we showed that
DEHP noticeably increased the expression of epithelial protein; in
contrast, the mesenchymal expression was downregulated in
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Fig. 1 Morphology of fetal penis at ED 19. Ventral view of embryonic genital tubercle in the Control group (a), DEHP500 group (b), and
DEHP750 group (c) under SEM. Tail and lower limbs were removed. With an increase in the DEHP intervention dosage, a deepening of the
ventral urethral groove and ventral shift of the urethral meatus could be seen. Especially in the DEHP750 group, the ventral prepuce was
seriously defected and urethral meatus was in the middle shaft of the penis (c). HE staining of transverse sections at the same level of the
penis are presented in the respective lower panels (d–f). Urethral plate fusion was delayed following exposure to DEHP (e); in the high dosage
group, the urethral seam was totally destroyed and the urethral opening was toward the outside (indicated by the arrow) (e). um urethra
meatus, ug urethral groove, us urethral seam, SEM scanning electron microscope, ED embryonic day, HE hematoxylin and eosin.
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DEHP-exposed rats (Fig. 2c). In addition, a quantitative analysis of
E-cadherin, ZO-1, N-cadherin, and α-SMA also verified these
changes by western blot. All results indicated that EMT in urethral
development was decreased in a model of hypospadias in these
rats (Fig. 2d).

The TGF-β/Smad signaling pathway was inhibited in the rat model
of hypospadias
Several signal pathways are involved in EMT. Among them, the
TGF-β/Smad signaling pathway is the most pivotal and well
known. The above results indicate that the EMT was decreased in
a rat model of hypospadias, so we reasonably speculated that the
decreased EMT might be regulated by TGF-β/Smad signaling
pathway suppression. Through qRT-PCR, we tested that these
mRNA expression levels of some factors in the signal pathway,
including TGF-β1, Snail, Slug, α-SMA, Vimentin, and N-cadherin,
were strikingly downregulated in the DEHP500 and DEHP750
groups compared with the Control group. However, the expres-
sion of E-cadherin, ZO-1, β-catenin, and occludin was upregulated.
In addition, no significant changes were found in the expression
levels of Smad2 and Smad3 (Fig. 3a). In addition, the same results
were detected via western blot. Moreover, the expression levels of

TGF-β1, p-Smad2/Smad3, Snail, Slug, α-SMA, Vimentin, and N-
cadherin were conspicuously downregulated in the DEHP group
compared with the Control group; however, E-cadherin, ZO-1, β-
catenin, and occludin were upregulated (Fig. 3b). It suggested a
role for TGF-β/Smad signal pathway in the reduction of EMT by
DEHP.

TGF-β1 could relieve EMT reduction in a rat model of hypospadias
Prenatal DEHP exposure could induce the occurrence of
hypospadias in rats through delaying urethral plate fusion, while
EMT was a significant mechanism during this process. A declining
EMT trend was regulated by the TGF-β/Smad pathway. We
wondered whether TGF supplement could reverse the formation
of hypospadias. In an in vitro penis culture, the embryonic penis
was similar in shape to a pagoda and the urethral groove was
clearly visible on the ventral part. In the Control group, the orifice
was located on the tip of penis, while in the MEHP group, the
orifice was on the ventral glans. However, we found that the
orifice moved to the tip after the TGF-β1 treatment (Fig. 4a panels
(a–c)). At the same level of the transverse section, some cells in the
urethral seam were co-expressing E-cadherin and α-SMA, which
showed that these cells were undergoing EMT. However, few cells
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Fig. 2 DEHP-induced expression changes of EMT in rat urethral seam. Immunofluorescent staining of urethral seam cells for EMT at ED 19
(a, c). Double immunofluorescence for epithelial marker E-cadherin and mesenchymal marker α-SMA (a, c, e) and epithelial marker ZO-1 and
mesenchymal marker N-cadherin (b, d, f ). In addition, when merged together, some cells co-expressed epithelial and mesenchymal markers
(arrow) in the control group (a, b); however, a few cells positive for double staining were observed in the DEHP group (c–f ), and nuclei were
counterstained by DAPI. Positively stained cell count was analyzed to explain the significances (b). Western blot was used to analyze the
expression of epithelial and mesenchymal markers (d). E-cadherin and ZO-1 expression were distinctly enhanced in the DEHP group
compared with the Control group; however, N-cadherin and α-SMA apparently decreased. *p < 0.05 versus Control group, #p < 0.05 versus the
DEHP500 group. DEHP diethylhexyl phthalate, EMT epithelial–mesenchymal transition, ED embryonic day, α-SMA α-smooth muscle actin, ZO-1
zonula occludens-1.
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were undergoing EMT after exposure to MEHP. The expression
level of the EMT was elevated in association with TGF-β1
activation (Fig. 4a panels d–f, b). Moreover, in the MEHP group,
mesenchymal markers of the urethral seam were expressed more
strongly than in the Control and TGF groups. The epithelial
markers showed an inverse behavior (Fig. 4c). Western blot
analysis further showed that the rats treated with TGF-β1 had a
reversed DEHP-induced expression change of TGF-β1, Snail+Slug,
p-Smad2/Smad3, E-cadherin, ZO-1, occludin, β-catenin, α-SMA,
Vimentin, and N-cadherin, that is to say, the expression levels of
TGF-β1, p-Smad2/Smad3, Snail, Slug, α-SMA, Vimentin and N-
cadherin were notably upregulated in the TGF-β group compared
with the MEHP group; however, E-cadherin, ZO-1, β-catenin, and
occludin were downregulated (Fig. 4d). Thus a TGF-β1 supplement
could lead to EMT recovery via the TGF-β/Smad signaling pathway
in urethral seam formation in rats.

TGF-β1 could prevent the formation of hypospadias
After the treatment with MEHP or TGF-β1 for different time
periods, diverse appearances were recorded under microscope. In
the Control group, the urethral groove was clearly visible on the
ventral part, and the orifice was located at the tip of the penis
(Fig. 5a). However, the orifice was in the ventral glans with an
obviously abnormal appearance in the MEHP group (Fig. 5b). In
the group co-exposed to MEHP and TGF-β1, the orifice moved to
the tip, and the outlook was nearly close to the Control group
(Fig. 5c). In the group that was exposed to MEHP and 24 h later
treated with TGF-β1, the exterior appearance returned to normal
but the orifice remained at the ventral part of penis (Fig. 5d). It
suggested that TGF-β1 could prevent the occurrence of hypospa-
dias but could not treat the formed hypospadias.

DISCUSSION
DEHP, one of the most commonly used plasticizers, is an
ingredient in toys, medical tubing, blood storage bags, and
cosmetics.24 DEHP has also been shown to exert adverse effects
on the reproductive organs, liver, and kidney.25 In the pediatric
population, numerous studies have reported that DEHP was found
to induce a wide range of developmental and reproductive
toxicities in the urogenital system of the fetus and significantly
correlated with the occurrence of some congenital diseases, such
as hypospadias and cryptorchidism.13,25–29 Gene mutation and
endocrine disruption were taken into consideration as reasons.3

However, the concrete mechanism is not clear. Thus we
investigated the mechanism by which DEHP induces hypospadias
in rats and found a preventative effect of TGF-β1 in hypospadias
induced by DEHP via the reduction of EMT.
The urethral plate is thought to be the signal center of the

urethra, and perturbation of its development can induce congenital
malformations.30 In this study, we first detected the morphology
changes of the fetal rat penis and discovered that the ventral
prepuce was malformed and the urethral meatus ventrally migrated.
In addition, the transverse sections also showed urethral seam fusion
retardation after exposure to DEHP in utero. In other words, the key
process of hypospadias induced by DEHP focuses on the urethral
plate and leads to the inhibition of urethral seam formation.21

Epithelial cell remodeling of the urethral plate is involved in
urethral seam formation when urethral plate cells remodel into
mesenchymal cells, resulting in urethral seam formation.20,21 We
found that EMT played an important role in urethral seam
formation.20 Therefore, whether urethral seam malformation is
caused by aberrations of the EMT in urethral seam remains
unknown. EMT is a pivotal process in urethral embryogenesis.20,21
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Fig. 3 Quantitative analysis of TGF-β/Smad signal pathway of penis at ED 19. qRT-PCR (a) and western blot (b) demonstrated that the TGF-β/
Smad signal pathway was inhibited after the treatment of DEHP and TGF-β1. The transcription factors p-Smad2/Smad3, Snail, and Slug and
the mesenchymal markers α-SMA, N-cadherin, and Vimentin were significantly downregulated; however, the epithelial markers E-cadherin,
ZO-1, occludin, and β-catenin were upregulated. The mRNA expression levels of Smad2 and Smad3 did not have significant differences. *p <
0.05 versus the Control group, #p < 0.05 versus the DEHP500 group. ED embryonic day, Q-PCR quantitative polymerase chain reaction, TGF-β
transforming growth factor beta, α-SMA α-smooth muscle actin, ZO-1 zonula occludens 1.
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Through the EMT, the urethral plate fuses and urethral seam forms
to develop an intact urethra, which was confirmed by our previous
study.20 EMT change was then investigated in our study. Using
immunofluorescence staining and western blot, we revealed that
both the expression levels of the EMT signal pathway and
mesenchymal marker expression were downregulated in the
DEHP group. The rat model of hypospadias showed that it
decreased the EMT signal pathway, leading to urethral seam
dysplasia.
Furthermore, we questioned how EMT was regulated in fetal

hypospadiac rats. A variety of signal pathways could mediate EMT,
such as TGF-β, Shh, Wnt, and others.31 Several researchers have
found that TGF-β was decreased after DEHP treatment.13,22,32

Moreover, the expression of TGF-β1 was localized to the urethral
epithelium, which suggested its involvement in urethral seam
formation.33 Therefore, we presumed that the TGF-β/Smad signal
pathway might play a greater role in EMT. With western blot, we
verified that TGF-β1 and the TGF-β/Smad signal pathway were
indeed downregulated in rats after exposure to DEHP. In vitro, the
cultured penis with lesser EMT showed the ventral urethral meatus
and a suppressed TGF-β/Smad signal pathway after adding MEHP
(the DEHP metabolite, no need for liver and kidney metabolism).
When supplied with TGF-β1, the EMT and other relevant signal
pathways recovered. The above results indicate that DEHP could
lead to the formation of hypospadias in rats by inhibiting urethral
EMT through the TGF-β/Smad signaling pathway. In addition, TGF-
β1 is a major regulator of the EMT process.
Several previous studies have found that TGF-β1 had lower

expression in the prepuce of patients with hypospadias, which
was in accordance with our results.17,34 We detected that the
downregulated TGF-β1 inhibited EMT in urethral fetal develop-
ment. Similarly, hypospadias in patients with a low expression
level of TGF-β1 in clinical practice may also be caused by EMT
reduction. Combined with this study, we found that, if EMT was
interrupted, hypospadias would occur. Several researches have

reported the relationship between hypospadias and TGF-β1.17,34

Baskin et al.35 suggested that TGF-β signaling was important for
the induction and regulation of urethral tube development using
gene array. In addition, the relevant proteins in the TGF-β
signaling pathway might be involved in regulating palate fusion
in mammals.33 Ulrich verified that the EMT is a multigenic cellular
response to TGF-β superfamily members and not another signal
pathway.36 In accordance with this study, those findings predicted
that TGF-β1 was a candidate gene of hypospadias. This might
provide new insight into the mechanism of hypospadias.
From the results above, we could predict the exact effect of TGF-

β1 in preventing hypospadias. In addition, we questioned whether
TGF-β1 can relieve the formation of hypospadias. After exposure to
MEHP followed by treatment with TGF-β1, the ventrally transferred
meatus was not strikingly reversed to the tip. Thus TGF-β1 could not
rectify the established malformation of hypospadias. However, the
outlook of the penis slightly returned to normal. In brief, we could
not conclude a treatment effect for TGF-β1 in hypospadias induced
by MEHP. The intervention time point and dosage of TGF-β1 could
impact treatment outcomes. Therefore, we need to continue to
explore the therapeutic application of TGF-β1 in the formation of
hypospadias in our next work.
Through in vivo and in vitro experiments, we identified the

following mechanisms involved in hypospadias: abnormalities in
urethral seam formation and remodeling could explain the
occurrence of hypospadias, and urethral seam malformation was
caused by EMT reduction that was regulated by the TGF-β/Smad
signal pathway, which could be prevented by TGF-β1. Therefore,
we speculated that TGF-β1 was a major regulator of the EMT
process in urethral fetal development.
In conclusion, EMT plays an important role in urethral seam

fusion. Once disrupted, hypospadias would occur, and gestational
DEHP exposure could lead to hypospadias through inhibiting
urethral EMT mediated by the TGF-β/Smad signal pathway. In
addition, TGF-β1 could relieve the EMT reduction through
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activating TGF-β/Smad signal pathway, showing that TGF-β1
might help prevent the occurrence of hypospadias by regenerat-
ing EMT through activating TGF-β/Smad signal pathway. There-
fore, we suggest that TGF-β1 is a pivotal gene involved in the
formation of hypospadias (Fig. 6).
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