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Abstract

Purpose The objective of this study is to quantify and

evaluate the expression of several important proteins in

TGF-b1/Smad pathway in the anterior vaginal wall in

postpartum rats with stress urinary incontinence (SUI).

Methods Forty 8-week-old Sprague–Dawley (SD) female

rats were randomized into three groups: blank group

(n = 10), control group (n = 10) and SUI group (n = 20).

Rats in blank group were non-pregnant, while rats in the

control and SUI groups underwent normal parturition and

normal parturition plus immediate postpartum vaginal

balloon dilation, respectively. 1 week after dilation, a

sneezing experiment and pad test were performed and the

anterior vaginal wall was collected. The histological

changes of the anterior vaginal wall were assessed by

hematoxylin–eosin (HE) staining, and the expression of

TbR-2, Smad3 and Smad7 in the anterior vaginal wall was

detected by immunohistochemical staining and Western

blotting.

Results HE staining showed that collagen was more

fragmented, sparse and disorganized in the SUI group

compared with the control and blank groups. Compared

with the blank group, the expression of TbR-2 and Smad7

protein was significantly increased in the vaginal anterior

wall in the control and SUI groups (P \ 0.05), while their

levels in the SUI group were significantly higher than those

in the control group (P \ 0.05). Expression of Smad3

protein in the anterior vaginal wall of SUI rats was sig-

nificantly decreased compared with the blank and control

groups (P \ 0.05).

Conclusion Dysregulation of the TGF-b1/Smad signaling

pathway may involve in the pathogenesis of SUI.

Keywords Stress urinary incontinence � TbR-2 � Smad3 �
Smad7 � Expression

Abbreviations

SUI Stress urinary incontinence

IHC Immunohistochemistry

ECM Extracellular matrix

TGF-b1 Transforming growth factor-b1

TbR-2 Transforming growth factor receptor II

Introduction

Stress urinary incontinence (SUI) is the most common type

of urinary incontinence in women. It is characterized by

involuntary leakage of urine during activities that increase

intra-abdominal pressure, such as coughing, sneezing and

lifting. A recent survey from 328 women reported that

25.9 % of women appear with SUI complication within

12 months after their first delivery [1]. It has been dem-

onstrated that the prevalence of SUI is highly associated

with pregnancy, vaginal delivery, connective tissue disease

and other factors [2]. Vaginal delivery usually causes

neurologic damage of the pelvic floor and direct injury to

muscle and connective tissue. SUI is usually caused by loss

of support of the urethra, which is usually a consequence of

damage to the pelvic support structures due to parturition.

Collagen is an important component in extracellular

matrix (ECM) and plays a critical role in maintaining the
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normal functions of pelvic support structure. Previous

studies have demonstrated that incontinence is associated

with the reduced content of collagen type I or III [3, 4].

Dysfunction of collagen in pelvic support structure results

in reduced tension and elasticity, which is one of the major

pathogeneses for SUI. Transforming growth factor b (TGF-

b) is a pleiotropic cytokine, which plays important roles in

many physiological and pathological processes [5, 6]. The

canonical TGF-b1 pathway includes a few key steps: (1)

active TGF-b1 binds to and activates TGF-b receptor II

(TbR-2); (2) TbR-2 recruits and activates TbR-1; (3) TbR-

1 phosphorylates Smad2 and Smad3; (4) phosphorylated

Smad2/Smad3 complex binds to Smad4 and enters the

nucleus to regulate the expression target genes [5, 6].

However, Smad7 is featured as an important Smad inhib-

itor, which associates stably with TbR-1 and blocks

phosphorylation of Smad2/Smad3 [7]. It has been demon-

strated that TGF-b signaling plays an important role in the

regulation of collagen genes, such as COL1A1 and

COL1A2 [8–11]. Especially, Smad3 is likely to play an

important role in the stimulation of COL1A2 promoter

activity elicited by TGF-b [11]. Moreover, a recent study

reported that collagen I/III and reticular fibers were also

significantly decreased and TGF-b signaling was activated

in SUI rats [12]. Thus, previous evidence indicates that

TGF-b1 may be involved in the pathogenesis of SUI

through regulating collagen synthesis.

Therefore, in this study, we examined the change in

collagen deposition and investigated the expression of

TbR-2, Smad3 and Smad7 in the anterior vaginal wall of

SUI rats compared with that in rats from the blank and

control groups.

Materials and methods

Animals

This study was approved by the Institutional Animal Care

and Ethics Committee of Guangzhou Medical University.

Forty 8-week-old healthy female SD rats were provided by

the Experimental Animal Center of Guangdong Province,

and randomized into three groups: blank group (n = 10),

control group (n = 10) and SUI group (n = 20). Rats in

the blank group were non-pregnant without any treatment,

while rats in the control and SUI groups underwent normal

parturition and normal parturition plus immediate post-

partum vaginal balloon dilation, respectively. Vaginal

balloon dilation was performed as previously described

[13]. Briefly, a urethral catheter (18F) was placed into the

vagina and then the balloon was filled with 3 ml water. A

130-g weight was placed on the catheter to provide con-

stant pull pressure to the pelvic floor for 6 h. 1 week after

dilation, a sneezing experiment and pad test were executed,

details in ‘‘Evaluation of SUI model’’.

Evaluation of SUI model

The SUI model was assessed by a sneezing experiment and

pad test. For sneezing experiments, the rats were intra-

peritoneally anesthetized by 10 % chloral hydrate

(0.03 ml/kg) and the bladder was emptied by an epidural

catheter. The maximum bladder capacity was measured by

filling the bladder with methylene blue dissolved in sterile

saline until the first drop of urine leakage outside the

external orifice of the urethra was observed. Then, the

bladder was emptied again and filled with a volume of

methylene blue solution equaling half of the maximum

bladder capacity. The sneezing reflex was induced by

inserting a piece of severed rat’s beard into the nostril to

increase abdomen pressure. The sneeze test was conducted

twice consecutively; if any amount of methylene blue

outflow was observed from the external meatus, the

sneezing experiment was considered positive [14, 15]. For

the pad tests, a piece of gauze (length approximately 4 cm,

width approximately 2 cm) was used as a urinal pad, then

the urine pad was weight with a scale and sewed onto the

periurethral skin. When the animals were recovered after

anesthesia, the bladder was emptied again and intragastric

administration of water was carried out (volume 1 ml/

100 g). The rats were released for free activity, and the pad

weight was measured after 1 h. If the pad weight had

increased, the pad test was considered positive; otherwise,

the test was considered negative. Rats with a positive

sneezing experiment and pad test [16] were considered as a

successful SUI model.

Histological examination

The anterior vaginal tissues were harvested. The upper half

of the samples were fixed in neutral buffered formalin for

12 h, embedded in paraffin, and cut into 5-lm-thick sec-

tions. The sections were stained with hematoxylin–eosin

(HE) following standard procedures [17]. The other half of

the samples was used for western blot analysis.

Immunohistochemistry

Tissue sections were deparaffinized and hydrated consec-

utively in 95, 85, and 75 % ethanol. Antigen retrieval was

carried out by boiling sections in 0.1 M citrate buffer for

15 min. To quench endogenous peroxidase, sections were

incubated with 3 % w/w hydrogen peroxide in methanol at

room temperature for 10 min, then incubated with antise-

rum for 1 h. The sections were then incubated with primary

antibodies against TbR-2 (1:100 dilution; Santa Cruz
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Biotechnology, Inc., Santa Cruz, CA), Smad3 (1:100

dilution; Abcam, Cambridge, MA), or Smad7 (1:100

dilution; Abcam) at 4 �C overnight. The following steps

were performed using an HRP-polymer anti-rabbit IHC Kit

(Jackson ImmunoResearch Laboratories, Inc., West Grove,

PA) following the manufacturer’s instructions. The sec-

tions were incubated with secondary antibody (1:200

dilution) for 1 h, and the signals were developed by di-

aminobenzidine (DAB) staining. The staining results were

evaluated by two pathologists who were blinded to this

study. Immunochemical scoring was given based on the

percentage of positive cells and the intensity of staining in

five random fields under an optical microscope. The

intensity of staining was scored as: 0, no staining; 1, straw

yellow; 2, brown; and 3, dark brown; The percentage of

positive cells was scored as: 0, 0 %; 1, 1–25 %; 2,

26–50 %; 3, 51–75 %; or 4, 76–100 %. The final score was

the sum of intensity and percentage scores. Slides with a

final score B3 were considered negative, while those with a

final score [3 were considered positive.

Western blot analysis

Vaginal tissues were homogenized and lysed in radio

immune-precipitation assay (RIPA) buffer supplemented

with 1 mM phenylmethanesulfonyl fluoride (PMSF) (Bio-

teke Corporation, China) for 1 h, and centrifuged at

15,000 rpm for 30 min at 4 �C. The protein concentration

was measured using the Bio-Rad protein assay kit (Bio-

Rad, Hercules, CA). 40 lg/lane of each protein was sepa-

rated on 10 % sodium dodecyl sulfate polyacrylamide gels

(SDS-PAGE) and then transferred to cellulose acetate

membranes (Millipore, Bedford, MA). The membranes

were blocked with 5 % nonfat dry milk in Tween/Tris-

buffered solution (TTBS) for 1 h at room temperature,

followed by incubation with rabbit anti-TbR-2 (1:500),

anti-Smad3 (1:2,000), anti-Smad7 (1:500), and rabbit anti-

glyceraldehyde 3-phosphate dehydrogenase (GAPDH,

1:3,000; Proteintech Group, Hangzhou, China) antibodies

overnight at 4 �C. The membranes were washed with

TBST three times and incubated with HRP-conjugated

anti-rabbit IgG (1:5,000, Jackson) for 1 h at room tem-

perature. Proteins were detected by enhanced chemilumi-

nescence (Thermo Scientific, Tewksbury, MA) and

analyzed by Image J software.

Statistical analysis

Statistical analysis was performed using SPSS13.0 package

(Chicago, IL). Data were presented as the mean ± standard

deviation (SD). Differences among groups for ranked data

were analyzed by Fisher exact test. Continuous variables

were compared by analysis of variance (ANOVA), and

multiple comparisons were analyzed by the least significant

difference (LSD) test. P \ 0.05 was considered statistically

significant.

Results

Establishment of SUI model

According to the results of the sneezing experiment and

pad test, 10 of 19 rats in the SUI group were verified as

successful SUI models (Table 1).

Histological changes in the anterior vaginal tissues

Histology of the anterior vaginal tissue was assessed by HE

staining. We found that the collagen fibers in the anterior

vaginal wall of blank rats were long, well organized and

tightly arranged bundles (Fig. 1a, b), while the collagen

fibers in rats after natural delivery (control group) showed

discontinuous and disorganized structure (Fig. 1c, d). Com-

pared with blank and control rats, the collagen fibers in the

SUI rats displayed more fragmented, sparse and disorganized

structure (Fig. 1e, f). However, there was no obvious dif-

ference in the number of collagen fibers in the anterior

vaginal wall between blank and control groups (Fig. 1a, c).

Expression of TbR-2, Smad3 and Smad7 in the anterior

vaginal wall

Expression of TbR-2, Smad3 and Smad7 in the anterior

vaginal wall was examined by immunohistochemical

staining and Western blotting. We found that TbR-2 was

mainly detected in the cytoplasm and cell membrane of

fibroblasts and epithelial cells (Fig. 2a–c). Quantitation of

TbR-2 staining showed that TbR-2 expression was obvi-

ously elevated in the control and SUI groups (Table 2).

Consistent with this result, western blot results verified that

the TbR-2 level was significantly upregulated in the ante-

rior vaginal wall of control rats compared with that in blank

rats (P \ 0.05), while the TbR-2 level in the anterior

vaginal wall of SUI rats was significantly higher than those

in blank and control rats (P \ 0.05, Fig. 3a, b). Positive

Smad3 was observed in the cytoplasm and nucleus of

Table 1 Screening of SUI model

Sneezing experiment

Negative (-) Positive (?)

Pad test

Negative (-) 5 (26.31 %) 2 (10.53 %)

Positive (?) 2 (10.53 %) 10 (52.63 %)
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fibroblasts, epithelial cells and smooth muscle cells of the

blank and control groups (Fig. 2d, e). The results from

Smad3 scoring and western blot analysis showed that

Smad3 expression was significantly decreased in the

anterior vaginal wall of control rats compared with blank

rats and dramatically reduced in the anterior vaginal wall

of SUI rats compared with blank and control rats

(P \ 0.05, Table 2; Fig. 3a, b). Positive Smad7 was

localized in the nuclei and cytoplasm of fibroblasts, epi-

thelium cells and smooth muscle cells of the control and

SUI groups (Fig. 2h, i). Quantification of Smad7 expres-

sion demonstrated that the Smad7 level in the anterior

vaginal wall of control rats was significantly higher than

that in blank rats, while its level in the anterior vaginal wall

of SUI rats was significantly upregulated compared with

blank and control rats (P \ 0.05, Table 2; Fig. 3a, b).

Fig. 1 HE staining of the anterior vaginal tissues. a, b Blank group,

the collagen fibers in the anterior vaginal wall are well arranged and

tight in a bundle. c, d Control group, the collagen fibers are not neat

and organized. e, f SUI group, the collagen fibers are obviously

disorganized, broken and reduced. a, c and e 9100 magnification; b,

d and f 9400 magnification
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Discussion

It has been demonstrated that the pathogenesis of SUI is

highly associated with the dysfunction of ECM [18, 19].

Collagen is one of the most important elements in ECM;

collagen types I and III play an important role in main-

taining tissue tensile strength and the mechanical stability

of the pelvic support structure. Previous studies revealed

that the content of collagen types I and III in the periure-

thral connective tissue of SUI patients is markedly

decreased compared to that in patients without SUI [20,

21]. In the present study, we observed that the collagen

fibers in the anterior vaginal wall of control and SUI rats

were dramatically reduced compared with non-pregnant

blank rats. Moreover, the collagen fibers in the anterior

vaginal wall of SUI rats were more fragmented, sparse and

disorganized. These findings are consistent with previous

studies [20, 21], and further support the hypothesis that

excessive squeezing to the vagina during parturition has

obvious damage to vaginal connective tissues, especially

collagen fibers, resulting in SUI.

TGF-b1 plays an important role in the regulation of

collage expression in cells and ECM. A previous study

demonstrated that TGF-b1 activity in pelvic connective

Fig. 2 Representative graphs for TbR-2, Smad3 and Smad7 staining

in the anterior vaginal wall tissue. a, d, g SUI rats; b, e, h control rats

after delivery; and c, f, i blank rats without treatment. a, b, c TbR-2 is

located in the cytoplasm or on the cell membrane of fibroblasts and

epithelial cells. d, e, f Smad3-immunoreactive signals are detected in

cytoplasm and nucleus of fibroblasts, epithelial cells and smooth

muscle cells. g, h, i Positive Smad7 is localized in the nuclei and

cytoplasm of fibroblasts, epithelial cells and smooth muscle cells
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tissue was regulated by cyclic reproductive hormones in

women with SUI [22]. The same group found that the

levels of total and active TGF-b1 in the ECM isolated from

SUI vaginal fibroblasts were negatively regulated by

relaxin [23]. Moreover, Li et al. [12] reported that the

expression of TGF-b1, MMP-9, and phosphorylated Smad2

(p-Smad2) was significantly elevated in the urethral tissues

of SUI rats. Therefore, we hypothesize that TGF-b1 sig-

naling may be involved in the pathogenesis of SUI. How-

ever, the underlying mechanism is still unclear.

TbR-2 and Smad3 are two important elements in the

canonical TGF-b1 signaling pathway, while Smad7 serves

as a TGF-b signaling inhibitor by inhibiting TbR-1 activity

[5, 6]. In this study, we found that the expression of TbR-2

and Smad7 was obviously upregulated in the anterior

vaginal wall of control rats and this effect was more dra-

matic in SUI rats. Interestingly, the expression of Smad3 in

the anterior vaginal wall showed an opposite trend as that

of TbR-2 and Smad7. However, the molecular mechanisms

regarding upregulated expression of TbR-2 and Smad7, or

Table 2 Scoring for Smad3,

Smad7 and TbR-2 staining

[n (%)]

Negative score 0–3, positive

score C4, P1 SUI group vs.

blank group, P2 control group

vs. blank group, P3 SUI group

vs. control group

Smad3 Smad7 TbR-2

Negative Positive Negative Positive Negative Positive

Blank group 2 (20 %) 8 (80 %) 9 (90 %) 1 (10 %) 6 (60 %) 4 (40 %)

Control group 6 (66.67 %) 3 (33.33 %) 4 (44.44 %) 5 (55.56 %) 1 (11.11 %) 8 (88.89 %)

SUI group 10 (100 %) 0 (0 %) 0 (0 %) 10 (100 %) 0 (0 %) 10 (100 %)

P1 0.000 0.000 0.004

P2 0.045 0.038 0.032

P3 0.053 0.021 0.292

Fig. 3 Quantitative detection

of TbR-2, Smad3 and Smad7 in

the anterior vaginal wall.

a Representative blots for

TbR-2, Smad3 and Smad7 in

the anterior vaginal wall tissues.

b Quantitation of TbR-2, Smad3

and Smad7 expression. Relative

expression of TbR-2, Smad3

and Smad7 is determined by the

ratio to GAPDH expression.

Different letters on the top of

column represents different

significance. Pa \ 0.05, which

shows there is a significant

difference for expression of

Smad3, Smad7 and TbR-II in

vaginal walls in SUI group

compared with control group;

Pb \ 0.05, that is to say

difference for expression level

of Smad3, Smad7 and TbR-II in

vaginal walls is detected in

control group compared with

blank group; Pc \ 0.05, which

shows there is a significant

difference for expression of

Smad3, Smad7 and TbR-II in

vaginal walls in SUI group

compared with blank group
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downregulated expression of Smad3, were not addressed in

this study and, therefore, need further study. Our data

indicate that low expression of Smad3 and high expression

of Smad7 in the anterior vaginal wall will inhibit the TGF-

b1/Smad signaling, which may reduce collagen deposit in

the anterior vaginal wall. Moreover, the expression of

TbR-2, Smad3 and Smad7 in the anterior vaginal wall in

control rats was also significantly upregulated compared

with that in blank rats. These data support the hypothesis

that excessive squeezing to the vagina during parturition

may activate TGF-b/Smad3 signaling, an effect that is

strengthened by postpartum vaginal dilation. It has been

demonstrated that the disruption of the TGF-b/Smad sig-

naling pathway has a protective effect on chronic tissue

inflammation and fibrosis in different diseases, such as

chronic obstructive pulmonary disease [24], intestinal

fibrosis [25], liver fibrosis [26] and renal fibrosis [27].

Moreover, previous studies revealed that deletion of

Smad3, but not Smad2, inhibits fibrosis in different dis-

eases [28, 29]. Thus, in this study, the reduced Smad3 in

the anterior vaginal wall of SUI rats may lead to the dis-

ruption of collagen fibers.

Although TGF-b/Smad signaling in the urethral tis-

sues is found to link with the pathogenesis of SUI [12],

the role of TGF-b/Smad signaling, especially TbR-2,

Smad3 and Smad7, in the anterior vaginal wall has not

been clarified. Thus, this study provides preliminary

evidence for the potential role of TGF-b/Smad3 signal-

ing in the anterior vaginal wall of an SUI model.

However, further investigation is needed to study the

expression and role of TbR-2, Smad3 and Smad7 in the

urethral tissues, which will provide direct evidence for

the clarification of SUI molecular mechanisms. Addi-

tionally, it will be interesting to investigate the reasons

for the differential expression of TGF-b/Smad3 signaling

elements in the SUI model.

In summary, in this study, we demonstrated that the

expression of TbR-2 and Smad7 was significantly

increased in the anterior vaginal wall of SUI rats compared

with that in control and blank rats, while Smad3 expression

was dramatically reduced. The collagen fibers in the

anterior vaginal wall of SUI rats were obviously impaired

compared to control and blank rats. These data suggest that

the TGF-b/Smad3 signaling may be involved in the path-

ogenesis of SUI.
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