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Abstract To study pathological changes of fibromuscular

system and the role of TGF-b1/Smad pathway in the ure-

thra of a parturition-induced stress urinary incontinence

(SUI) rat model. Twenty-eight 8-week-old Sprague-Daw-

ley female rats at gestational day 16 were used and ran-

domized into two groups: sham group and SUI group. After

delivery, rats in the SUI group underwent postpartum

vaginal balloon dilation and bilateral ovariectomy. 1 month

after ovariectomy, urodynamics was assessed. Histological

examination (Masson’s trichrome stain, picrosirius red

stain, Hart’s elastin stain, Gordon & Sweet’s stain, and

immunohistochemical stain) and Western blot were per-

formed on urethral tissues. Both leak point pressure and

maximal bladder capacity were significantly decreased in

the balloon-injured ovariectomized rats, compared with the

sham rats. Muscle was significantly decreased in the ure-

thra of SUI rats compare with sham rats. Collagen I/III and

reticular fibers from SUI group were also significantly

lower than sham group. Meanwhile, elastic fibers and

reticular fibers showed fragmentation and disorganization

indicating impairment in the fibromuscular system in

SUI rats. TGF-b1, MMP-9, and phosphorylated Smad2

(p-Smad2) were expressed significantly higher in SUI than

in sham rats. Simulated birth trauma and menopause

induced an upregulation of the TGF-b1/Smad pathway and

impairment of the fibromuscular system in the urethra.
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Introduction

Stress urinary incontinence (SUI) is a prevalent urological

problem that is common in women. Up to 50% of women

older than 60-year-old have symptoms of stress-induced

urinary incontinence [1]. It had been reported that damages

on the urethra striated muscle and smooth muscle are the

key component in this pathogenesis [2, 3]. The inherent

weakness of the urethral sphincter mechanism in women

and the stress of vaginal delivery have been suggested as

important factors in the pathogenesis of SUI [4]. Recently,

there are more researches indicated that urethral extracel-

lular matrix (ECM) including collagen fiber and elastic

fiber may also play a critical role. Chen et al. [5] reported

that incontinence have associated with a decreased per-

centage of area of type I-like collagen fibers and an

increased percentage of area of type III-like collagen fibers.

Lin et al. [6] reported that the urethras of SUI rats had

shorter elastic fiber compared with normal rats. However,

there is no well accepted conclusion on this point regarding

the SUI.

An abnormal ECM regulation has been implicated as a

direct causal factor in a number of important disease pro-

cesses, such as pelvic organ prolapsed [7], atherosclerotic

plaque rupture [8], and congestive heart failure develop-

ment [9]. Matrix metalloproteinases (MMPs) are a family

of zinc dependant extracellular endoproteinases that are

collectively capable of hydrolyzing essentially all compo-

nents of the ECM and basement membrane components.

Recently, Zhang et al. [10] reported that MMP-9 cause

collagen breakdown in vaginal wall, which may play an

important role in the onset and development of SUI.

Because of the difficulty in obtaining tissues from human

female, studies on SUI mechanism about MMP-9 are

lacking. In this study, we used a parturition-induced SUI
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model in which female rats were subjected to intravaginal

balloon dilation after pregnancy and vaginal delivery of

pups, followed by ovariectomy 1 week later to simulate

menopause [11]. This animal model provides us an

opportunity to study the mechanism of SUI and the pos-

sible therapy methods.

TGF-b1 is known to play a vital role in tissue remod-

eling during inflammatory responses. TGF-b1 has been

found to stimulate the expression of MMP-9 in endothelial

cells, fibroblasts, and epithelial cells [12, 13]. After binding

to the receptors, TGF-b1 activates both receptor-associated

Smads (Smad2 and Smad3). Activated Smad2 and Smad3

heteroligomerize with the common partner Smad4

(Co-Smad) to form the complexes and translocate into the

nucleus to regulate target gene expression [14].

Lin et al. [15] reported a significant increase of TGF-b1/

Smad signaling pathway in the urethras of SUI rats by

Microarray analysis and TGF-b1 could activate Smad2 in

urethral smooth muscle cells in vitro. In the present study,

we quantified the key structural components of the urethra,

including muscle cell, collagen fiber, elastic fiber, and

reticular fiber and their effects in the pathology of SUI, also

explored the distribution and activity of the TGF-b1/Smad

signaling pathway and MMP-9 in the urethras of SUI rats.

Materials and methods

Animals and overview

All experimental protocols were approved by the Institu-

tional Animal Care and Use Committee at our institution.

Twenty-eight 8-week-old primiparous Sprague-Dawley

rats at gestational day 16 were obtained. They were ran-

domized into two groups: sham group and SUI group. SUI

rats were subjected to the development of voiding dys-

function by a previously described procedure [11]. In brief,

immediately after delivery, the rats underwent vaginal

balloon dilation for 4 h to simulate prolonged labor.

1 week later, the rats were anesthetized, a midline incision

made in the abdomen, and both ovaries were excised. The

sham rats were not treated with vaginal balloon dilation but

underwent sham surgery (midline abdominal incision with

no ovariectomy). Four more weeks later, urinary function

was assessed and their urethras were harvested for histol-

ogy and western blot.

Urodynamics examination

Under ketamine and xylazine anesthesia, a midline longi-

tudinal abdominal incision (1-cm length) was made in the

upper part of the bladder. One polyethylene-90 tube was

inserted into the bladder dome to measure vesical pressure.

The bladder catheter was connected to both a syringe pump

and a pressure transducer. Then, LPP was measured in the

following way by MP150 System (Biopac Systens, Inc.)

[16]. The average bladder capacity of each rat was deter-

mined after 3–5 voiding cycles. When half bladder

capacity was reached, gentle pressure with one finger was

applied to the animal’s abdomen. Pressure was gently

increased until urine leaked, at which time the externally

applied pressure was rapidly removed. The peak bladder

pressure was taken as the LPP. At least five LPPs were

obtained on each animal and the mean LPP was calculated.

Upon completion of cystometry the animals were killed by

bilateral thoracotomy.

Histological examination, immunohistochemical stain,

and morphometric analysis

The urethrovaginal tissues were harvested (cross-section of

the mid-urethra and anterior vagina), and the tissues were

immersed in neutral buffered formalin containing 4%

formaldehyde for a period of 4 h, embedded in paraffin.

Sections of 5 lm thickness were cut using a rotor microtome.

The sections were stained with the standard procedures of

Masson’s trichrome stain [11], picrosirius red stain [17],

Hart’s elastin [6] stain, and Gordon & Sweet’s stain [18].

For immunohistochemistry (N = 10 per group), sections

were incubated with antibodies to TGF-b1 (Abcam, Cam-

bridge, MA, USA), Phospho-Smad2 (P-Smad2) (Cell Sig-

naling, Beverly, MA, USA), overnight at 4�C. Slides were

rinsed in PBS, followed by the second antibody using the

MaxVision
TM

HRP-Polymer anti-Rabbit IHC Kit, (Maxim

Co. China). Semiquantitative analysis was performed to

evaluate the intensity by the use of Image pro plus software

(Bethesda, MD, USA).

Western blot

Urethral tissue protein samples were prepared by homog-

enizing in RIPA lysis buffer. Equal amounts of protein

(20 lg/lane) were electrophoresed on 10% SDS-PAGE and

then transferred to polyvinylidene fluoride membrane

(MilliporeCorp, Bedford, MA, USA). Western blotting was

performed with antibodies against a-SMA (Abcam, Cam-

bridge, MA, USA), TGF-b1, MMP-9 (Abcam, Cambridge,

MA, USA), Smad2 (Cell Signaling, Beverly, MA, USA),

P-Smad2, and b-Actin (Santa Cruz Biotechnology, CA,

USA). Results were quantified by densitometry (N = 4 per

group).

Statistical analysis

Results are expressed as means ± SD. Mann–Whitney

U tests were used to evaluate whether differences between
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groups were significant. P values \0.05 were considered

significant.

Results

Development of SUI

LPP and bladder capacity were measured by anesthetized

cystometry. In the sham group, LPP was 48.92 ± 1.73 cm

H2O compared with 34.90 ± 3.22 cm H2O after balloon-

injured ovariectomy in SUI group (Fig. 1). Bladder

capacity was also higher in the sham group (1.18 ± 0.18

ml) compared with the SUI group (0.81 ± 0.15 ml).

ECM and muscular damage in the SUI model

To well define the pathological changes of fibromuscular

system related to the SUI, several histological methods

were applied. The trichrome stain revealed that striated

muscle of the urethras from sham rats was compact and

nearly circumferential. However, after balloon-injured

ovariectomy SUI rats resulted in mild focal disruption of

striated muscle fibers (Fig. 2). Meanwhile, the overall

urethral content of smooth muscle in the SUI group was

lower than what was observed in the sham group (Fig. 2).

To further quantify the amount of urethra muscle content,

western blot of a-SMA was applied. The results showed

that SUI group had significantly lower muscle content than

sham group (Fig. 2).

Picrosirius red stain showed that the ratio of collagen

I/III in the urethra was decreased in the SUI group relative

to sham animals (Fig. 3). Elastic fibers and reticular fibers

were long, well organized and tightly connected to the

muscle bundles in sham group. However, the SUI group

showed fragmentation and disorganization (Fig. 4). Retic-

ular fibers were significantly decreased in SUI group

relative to sham group. However, there were no statisti-

cal differences in volumetric density of elastic fibers

(Fig. 4).

Fig. 1 Determination of SUI was by anesthetized cystometric analysis. LPPs were obtained by anesthetized cystometric analysis. From the Fig.

a and b, we can see that the LPPs in sham rats are larger than the SUI rat. Arrows were LPPs

Fig. 2 Assessment of muscle in

the urethra. a Representative

photographs of cross-sections of

mid-urethra with trichrome

staining. a and c: striated

muscle, b and d: smooth

muscle. The total muscle

content is decreased and the

striated muscle is fragmented

and disorganized in SUI rats.

b Decrease in a-SMA

expression in SUI rats by

western blot. c Data are

presented as the relative density

of a-SMA compared with that

of b-Actin. Each bar depicts the

mean value ± SD from four

experiments per group
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TGF-b1/Smad pathway and MMP-9 in the urethra

of SUI

We first performed TGF-b1 immunohistochemical staining

in the urethra. Results revealed that TGF-b1 was not only

located in muscle cells, but also appearanced in epithelium

cells (Fig. 5). Both immunohistochemical and western blot

results indicated that SUI group had significantly greater

TGF-b1 expression than sham group in the urethra (Fig. 5).

To localize Smad2 protein expression in the urethra,

we performed immunohistochemical staining with anti-

body to P-Smad2. The results showed that P-Smad2 was

mainly located in the nuclei of muscle cells and epithelial

cells (Fig. 5). We also quantified the ratio of P-Smad2 to

total Smad2 to determine the activity of Smad2. Similar

to the results of the immunohistochemistry, the ratio of

P-Smad2 to total Smad2 was significantly higher in SUI

group compared with sham group (Fig. 5). Finally, we

Fig. 3 Assessment of collagen

I/III ratio in the urethra.

a Representative photographs of

cross-sections of mid-urethra

with picrosirius red stain.

b Quantification of collagen

I/III was assessed using Image

Pro software. Each bar depicts

the mean value ± SD from 10

animals per group. *P \ 0.05

compared with sham group.

(Color figure online)

Fig. 4 Assessment of elastic

fiber and reticular fiber in the

urethra. a Representative

photographs of cross-sections of

mid-urethra with Hart’s elastin

stain. Elastic fiber is black,

connect tissue is pink and other

tissue elements is yellow.

b Representative photographs of

cross-sections of mid-urethra

with Gordon & Sweet’s stain.

Reticular fiber is black and

nuclei are red. c Maximum

elastic fiber and reticular fiber

length analysis results.

d Quantification of elastic fiber

and reticular fiber were assessed

using Image Pro software and

expressed as a percentage of the

imaged area. Each bar depicts

the mean value ± SD from 10

animals per group. *P \ 0.05

compared with sham group.

(Color figure online)
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found that MMP-9 was upregulated in SUI group

(Fig. 5).

Discussion

Previous studies reported that a reduction in muscle content

may negatively affect structural and functional integrity of

the urethra [19–21]. Our result showed that not only the

total muscle is less, but also the striated muscle is frag-

mented and disorganized in SUI rats. These changes pos-

sible extremely impaired the urethral closing pressure.

ECM contains collagen, elastic fibres, reticular fibers,

proteoglycans, and other glycoproteins [22]. Previous study

showed that the fibroelastic elements (collagen and elastin)

combine to form key structures in compliant tissues [23].

Collagen I forms the largest strongest fibers and Collagen

III forms smaller fibers. Even small variations in the ratios

of the fibrillar collagen subtypes can significantly alter the

tensile strength of a tissue. For this reason, the relative ratio

of the collagen I to collagen III is used as an indicator of

tensile strength [24]. Our results show that the ratio of

collagen I/III was lower in SUI group. Besides, elastic

fibres are found in different organs, for which they provide

elasticity and some biomechanical resistance. Lin et al.

[11] reported that ADSC-treated groups had significantly

higher elastin content than SUI group. However, there was

no statistical difference in elastin content between normal

voiding and abnormal voiding rats within the control

group. In agreement with their result, there have no dif-

ferent on elastic fiber content between two groups, but

elastic fibers were fragmented, disorganized and far away

from the muscle bundles in SUI group.

Reticular fibers are fine fibers that contain primarily

collagen III. They are the supportive elements in bone

marrow, lymph nodes, spleen, kidney, liver, thymus, and

testis [18, 25]. There is no report that the urethra contains

reticular fiber. Our current report was the first to demon-

strate that the urethra had abundant reticular fibers that

provide supportive frame. Meanwhile, this result showed

that reticular fibers were significantly decreased in SUI

group. We have also found that the reticular fibers were

fragmented and disorganized which result the urethra los-

ing the normal structure and function.

It has been reported that TGF-b1 inhibits smooth muscle

cell proliferation via extension of the G2 phase or arrest in

the late G1 phase of the cell cycle [26, 27]. In agreement

with the result of previous studies [19, 21], quantitative

damage to the muscle cells of the urethra was seen in the

SUI rats. Therefore, we performed immunohistochemical

Fig. 5 Assessment of TGF-b1

expression and Smad2

phosphorylation in the urethra.

a Representative TGF-b1

staining of cross-sections of

mid-urethra for sham group and

SUI group. b Representative

P-Smad2 staining of cross-

sections of mid-urethra for sham

group and SUI group. c Western

blot analysis showing the

expression of MMP-9, TGF-b1,

Smad2 and P-Smad2.

d Quantitative analysis of

western blot data. Each bar
depicts the mean value ± SD

from 4 experiments per group.

*P \ 0.05 compared with

sham group
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staining to identify which subpopulation of urethra cells

expressed P-Smad2, the crucial step in the initiation of

TGF-b1 signal transduction. Our results suggested that

P-Smad2 expression both striated muscle and smooth

muscle highly express which may play an important role in

the parturition-induced changes, loss of muscle cell content

in the urethra.

Previous studies showed that MMP-9 was important to

ECM breakdown in the vagina and periurethral tissue of

SUI patients [10, 28]. In agreement with the result of these

studies, MMP-9 was also a higher expression in the urethra

of SUI rats than in sham rats, which might be the reason of

low ratio of collagen I/III and less reticular fibers and

disorganized elastic fibers and reticular fibers.

Previous studies reported that TGF-b1 increases MMP-9

expression through activation of both Smad and MAPK

signaling pathways in corneal epithelial cell and meningeal

cells [13, 29]. Our results showed that TGF-b1 and

P-Smad2 was unregulated not only in muscle cells, but also

in epithelium cells. We think that the urethra epithelium

cell and muscle cell might also play an important role in

the secretion of MMP-9 through TGF-b1/Smad pathway.

Our study does have some limitations. First, although

this finding provides direct clues concerning the role of

TGF-b1/Smad in SUI. The question remains whether the

upregulation of TGF-b1/Smad in smooth muscle and epi-

thelium cells has different activation and function which

needed to investigate in vitro. Second, further studies are

needed to determine whether the inhibition of Smad2—

using transgenic mice or antisense genes for Smad2—or

inhibition of TGF-b type I receptor (ALK5) can restore

parturition-induced structural and functional derangements

in the urethra to clarify the precise roles and specific

functions of TGF/Smad pathway.

Conclusions

The fibromuscular system of urethra was impaired in SUI

rat. TGF-b1/Smad pathway might play an important role in

regulation of pathological changes in SUI.
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