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Abstract. The present study aimed to reveal the metabolic 
alterations of the extracellular matrix (ECM) in uterosacral 
ligament (USL) with pelvic organ prolapse (POP) and to 
explore the role of transforming growth factor-β1 (TGF-β1) 
in pathogenesis of POP. For this purpse, 60 participants who 
underwent hysterectomy for benign indications were enrolled, 
30 of which had symptomatic POP (grade II, III or IV) and 
composed the POP group, and the other 30 had asymptomatic 
POP (grade I or less) and served as the controls. Collagen fibers, 
elastin,matrix metalloproteinase (MMP)-2/9, tissue inhibitor of 
matrix metalloproteinases (TIMP)-2 and TGF-β1 were examined 
by Masson's trichrome staining, immunohistochemistry 
and RT-qPCR using USL biopsies. In vitro, human USL 
fibroblasts (hUSLFs) were primary cultured, pre-treated with 
recombinant TGF-β1 (0, 5, or 10 ng/ml) and then subjected 
to cyclic mechanical stretching (CMS; 0 or 5,333 µε strain). 
Changes in the expression levels of collagen type I/III, elastin, 
TIMP-2, MMP-2/9 and Smad were detected. Our results 
revealed that at the tissue level, the expression of collagen fibers, 
elastin, TIMP-2 and TGF-β1 was significantly reduced in the 
POP group, while the activities of MMP-2/9 were significantly 

upregulated, compared with the control group. Statistical 
analysis indicated that the mRNA expression of TGF-β1 
inversely correlated with the severity of POP partially. Our 
in vitro experimental data demonstrated that a CMS of 5333 µε 
strain promoted the degradation of ECM proteins, inhibited the 
synthesis of TIMP-2, and upregulated the proteolytic activities 
of MMP-2/9. Pre-treatment with TGF-β1 attenuated the loss of 
ECM by stimulating the synthesis of TIMP-2 and inhibiting the 
activities of MMP-2/9 through the TGF-β1/Smad3 signaling 
pathway. On the whole, our data indicate that the reduced 
anabolism and increased catabolism of ECM proteins in USL 
are the pathological characteristics of POP. TGF-β1 not only has 
a specific value in predicting the severity of POP, but should also 
be considered as a novel therapeutic target for POP.

Introduction

POP is a global health concern that is associated with increasing 
morbidity and economic burden, and it is estimated to affect 
almost 50% of women above 60 years of age (1). Approximately 
11% of females require at least one surgery for prolapse in 
their lifetime (2), and the direct cost incurred is equivalent 
to billions of dollars annually in the United States (3). POP 
contributes to a low quality of life and has become one of the 
most common indications for gynecological surgery among 
post-menopausal women (4). The pathophysiological mecha-
nisms of POP, however, have not yet been fully elucidated. 
The pelvic organs are mainly connected and supported by the 
levator ani muscle complex, the cardinal and uterosacral liga-
ment (USL) and endopelvic fascia. The parauterine ligaments 
along with the endopelvic fascia compose a connective tissue 
network, supporting the maintenance of the normal position 
of the vagina and uterus. The disruption and dysfunction in 
this connective tissue network may lead to the weakening of 
support, and eventually, urogenital prolapse (5,6).

The present study focused on the metabolic alterations in 
connective tissue in USL as it has been considered to be one 
of the most important apparatuses in the pelvic supporting 
network (7). USL is composed of vessels, nerves, smooth muscle 
and connective tissue, and collagen fibers constitute 70-80% of 
the connective tissue (8). Collagen and elastin are the main 
extracellular matrix (ECM) components in USL, which provide 
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strength and flexibility. Collagen type I (COL1) strengthens the 
connective tissues, whereas collagen type III (COL3) and elastin 
contribute to flexibility (9). Precursor collagens (COL1A1 
and COL3A1) and elastin are synthesized by fibroblasts, and 
are then secreted into the ECM as the raw material of fibril 
assembly (6,22-24). The degradation of collagens depends on the 
activity of the interstitial matrix metalloproteinases (MMPs). 
MMPs are divided into subgroups according to substrate. 
MMP-1, -8 and -13 (collagenase) cleave pro-collagen fibers into 
fragments. The cleaved collagen fragments and elastin are then 
digested into amino acids by MMP-2/9 (gelatinases) (10). Tissue 
inhibitor of matrix metalloproteinases (TIMP) is the specific 
antagonist of MMPs (11). TGF-β1, as an important regulator of 
fibrotic metabolism, and has been widely reported in the process 
of fibrosis and degenerative fibrotic disease (6,12); however, the 
role of TGF-β1 in USL with POP has not been reported to date, 
at least to the best of our knowledge. Based on the available 
data, we hypothesized that TGF-β1 may play a regulatory role 
in POP.

The importance of ECM metabolism in USL has been well 
documented. However, the majority of the published data was 
established on the investigation of the vaginal wall (13,14) and 
endopelvic fascia (15,16); research data on USL are lacking. 
Additionally, there are many controversies regarding the trends 
in the alterations of the levels of collagen, elastin, MMPs and 
TIMP, which has led to uncertainty and is not beneficial for 
further study. In the present study, we aimed to identify the 
metabolic status the ECM proteins mentioned above in USL 
from women with POP, and to explore the exact role of TGF-β1 
in the pathogenesis of POP and the related mechanisms.

Materials and methods

Participants and specimen collection. Human USL biopsies 
were collected from patients after obtaining informed consent 
with the approval of the Ethics Committee of Renmin Hospital 
of Wuhan University, Wuhan, China. A total of 60 subjects were 
selected among female patients who underwent hysterectomy 
for benign indications during the period of March 2011 to 
June 2014 at the Department of Gynecology of Renmin 
Hospital of Wuhan University. Based on POP quantitative 
examination (17), 30 patients with POP stages II-IV who 
underwent hysterectomy as part of pelvic reconstruction 
surgery were included in the POP group. The other 30 subjects 
with non-POP or asymptomatic POP (POP grade I) who 
underwent hysterectomy for cervical intraepithelial neoplasia 
or dysfunctional uterine bleeding comprised the control group. 
All the included subjects were post-menopausal for at least 
1 year. Women with malignant tumors, pelvic endometriosis 
and acute pelvic inflammation, as well as those undergoing 
hormone replacement therapy (HRT) were excluded from the 
study. The 2 groups were matched for age, menopause status, 
parity and body mass index (BMI). Biopsies were obtained 
from the left USL during hysterectomy. Specimens were 
prepared and preserved according to various protocols.

Masson's trichrome staining. The specimens were fixed 
with 4% paraformaldehyde, embedded in paraffin, cut into 
4-µm-thick sections, and mounted onto coated slides. Masson's 
trichrome staining was performed to quantify collagen fibers 

using the HT15 kit (Sigma, St. Louis, MO, USA) according to 
the standard protocol.

Immunochemistry (IHC). The UltraSensitive SP kit-9710 
(Maixin Biotech Co., Ltd., Fuzhou, China) was used for IHC. 
The slides were heated for 30 min at 60˚C, de-paraffinized 
and rehydrated in a graded alcohol series. Antigen retrieval 
was performed through boiling in citrate (pH <6) or EDTA 
buffer (pH >9), according to the product datasheets. This was 
followed by incubation with 3% H2O2 for 10 min at room 
temperature to inactivate endogenous peroxidase, and blocking 
with 5% goat serum for 15 min, and incubationg with primary 
antibodies overnight at 4˚C. Following incubation with strep-
tavidin peroxidase for 10 min at room temperature, secondary 
antibodies were added. Finally, immune reaction was visual-
ized using the DAB-0031 kit (Maixin Biotech Co., Ltd.). The 
specimens were washed with phosphate-buffered saline (PBS) 
after each step in the protocol. The primary antibody was 
replaced with PBS for the negative controls.

The antibodies used were as follows: COL1A1 antibody 
(diluted at 1/100; BA0325; Boster Inc., Wuhan, China), 
COL3A1 antibody (diluted at 1/150; BA0326; Boster Inc.), 
elastin antibody (diluted at 1/100; ab23747; Abcam, Cambridge, 
UK), MMP-2 antibody (diluted at 1/75; BA3716; Boster Inc.), 
MMP-9 antibody (diluted at 1/100; BA0573; Boster Inc.), 
TIMP-2 antibody (diluted at 1/100; sc-5539; Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA) TGF-β1 antibody 
(diluted at 1/100; ab92486; Abcam).

Immunoactivity was quantified with the IOD, inte-
grated optical density (IOD) value and the mean density 
was captured using Image-Pro Plus version 6.0 software 
(Media Cybernetics, Inc., Rockville, MD, USA); mean 
density = IOD/area.

Western blot analysis. Tissue samples were homogenized in 
RIPA buffer and quantified using the BCA Protein Assay kit 
(P0012; Beyotime Biotech, Jiangsu, China), prior to mixing 
with loading buffer. Following degeneration, the protein 
samples were separated in 10% SDS-PAGE and transferred 
onto PVDF membranes at 200 mA for 1-3 h at 4˚C. The blots 
were blocked with 5% non-fat milk in TBS for 1 h at room 
temperature and incubated with primary antibody overnight 
at 4˚C. The PVDF membranes were washed with TBST thrice. 
Subsequently, the blots were incubated with IRDye 800CW 
goat anti-rabbit/mouse secondary antibodies (diluted at 
1/10,000; LI-COR Inc., Lincoln, NE, USA) at room tempera-
ture for 1 h. The Odyssey imaging system (LI-COR Inc.) was 
used for western blot analysis.

The antibodies used were as follows: elastin antibody (1:200 
dilution; ab23747; Abcam), MMP-2 antibody (1:200 dilution, 
sc-53630), MMP-9 antibody (1:100 dilution, sc-13520), TIMP-2 
antibody (1:200 dilution; sc-5539), COL1A1 antibody (1:400 
dilution; sc-8784), COL3A1 antibody (1:400 dilution; sc-28888) 
(all from Santa Cruz Biotechnology, Inc.), TGF-β1 antibody 
(1:250  dilution;  ab92486;  Abcam)  and GAPDH  antibody 
(1:1,000 dilution; sc-20357; Santa Cruz Biotechnology, Inc.), 
p-Smad3 (1:1,000 dilution, #9520), Smad3 (1:1,000 dilution, 
#9523), p-Smad2 (1:1,000 dilution, #3108), Smad2 (1:1,000 
dilution, #5339), Smad4 (1:1,000 dilution, #38454; all from Cell 
Signaling Technology, Inc., Danvers, MA, USA).
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Primary cell culture. Human uterosacral ligamental fibro-
blasts (hUSLFs) were developed from fresh tissue of USL 
biopsies, according to Gibco/Thermo Fisher Scientific, Inc. 
(Waltham, MA, USA) protocols for primary culture, as previ-
ously described (18,19). The cells at passages 4-6 were used 
for the subsequent experiments. Recombinant human TGF-β1 
protein was obtained from PeproTech China (Suzhou, China).

Mechanical strain loading. hUSLFs were seeded on flexible 
plates which were pre-coated with rat tail collagen type I 
(25 µg/ml in 0.02 N acetic acid; Sigma). Following reaching 
confluence, cells were pre-treated with recombinant human 
TGF-β1 at the indicated concentrations for 24 h, then incubated 
in serum-free DMEM for 12 h and prepared for mechanical 
strain. To exert cyclic mechanical stretching (CMS) on the 
cells, a 4-point bending device (SXG4201; Chengdu Miracle 
Chemicals Co., Ltd., Chengdu, China) was used (19,20).  The 
mechanical strain parameter was set at 0.3 Hz of 5,333 με 
(loading displacement is 4 mm) for 4 h.

Cell counting kit‑8 (CCK‑8) assay. Cytotoxicity was measured 
using a CCK-8 assay (Beyotime Biotech). According to the 
protocol, following treatment with recombinant human TGF-β1 
and/or CMS loading, cell samples suspended with DMEM 
(100 µl; Gibco/Thermo Fisher Scientific, Inc.) were inoculated 
into a 96-well plate (5,000 cells/well) and incubated at 37˚C 
for 24 h, each sample was loaded in triplicate. Subsequently, 
10 µl CCK-8 solution were added to each well and incubated 
for 4 h at 37˚C. The absorbance was measured at 450 nm using 
a microplate spectrophotometer (Victor3-1420 Multilable 
Counter; PerkinElmer, Inc., Waltham, MA, USA). The viability 
of the treatment group was expressed as a percentage of the 
control group, which was designated as 100%.

Gelatin zymography. A gelatin zymography assay kit (P1700; 
Applygen Technologies, Inc., Beijing, China) was used to 
examine the gelatinolytic activity of the conditioned medium. 
In brief, the samples (30 µl of conditioned medium) were 
electrophoresed on a 10% SDS polyacrylamide gel containing 
1 mg/ml gelatin under non-reducing conditions. The volume of 
conditioned medium loaded per lane was standardized on the 
basis of the cell count at harvest. To activate the proteinases, 
the gels were incubated at 37˚C overnight in an incubation 
buffer containing 50 mM Tris-HCl (pH 7.5), 10 mM CaCl2, 
and 0.02 mM NaN3. The gels were subsequently fixed 
and stained with 0.25% Coomassie brilliant blue R-250 
(Maixin Biotech Co., Ltd.) for 1 h and washed in 25% meth-
anol and 7% acetic acid to visualize the bands of proteolytic 
activity. White lysis zones indicated the degrading activity.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA). cDNA synthesis was performed with 2 µg of total 
RNA in a reaction volume of 20 µl according to the protocol of 
RevertAid First Strand cDNA Synthesis kit (K1622; Fermentas, 
Glen Burnie, MD, USA). Quantitative PCR (qPCR) assays for 
relative quantification were performed using the SYBR Premix 
Ex Taq system (RR820A; Takara Bio, Inc., Otsu, Japan) and 
an ABI 7500 Fast Real-Time PCR system (Applied Biosystems 
Life Technologies, Foster City, CA, USA). The total reaction 
volume was 20 µl. SYBR-Green was used to amplify detec-
tion. The cycling conditions were as follows: stage 1, 30 sec 
at 95˚C; stage 2, 40 cycles of 5 and 34 sec at 95˚C and 60˚C, 
respectively; stage 3, 15 sec, 1 min, 15 sec, and 15 sec at 95˚C, 
60˚C, 95˚C, and 60˚C, respectively. Primers were synthesized 
by Sangon Biotech (Shanghai, China). Sequence data are 
presented in Table I.

Table I: Sequences of primers used for RT-qPCR.

Primer Accession no. Sequence (5'→3') Product length (bp)

COL1A1  NM_000088.3  Forward: CAAGACGAAGACATCCCACCAATC  135
   Reverse: ACAGATCACGTCATCGCACAACA 
COL3A1 NM_000090.3 Forward: TCGCTCTGCTTCATCCCACTAT 101
   Reverse: CTTCCAGACATCTCTATCCGCAT 
Elastin NM_006329.3 Forward: CGCTCTAGCATCCCTCCTCT 122
   Reverse: GCAAGGTGGCTATTCCCAGT 
MMP-2  NM_001127891.2  Forward: AGTTTCCATTCCGCTTCCAG  100
   Reverse: CGGTCGTAGTCCTCAGTGGT 
MMP-9 NM_004994.2 Forward: GTCCACCCTTGTGCTCTTCC 117
   Reverse: GACTCTCCACGCATCTCTGC 
TIMP-2  NM_003255.4  Forward: TCTGGAAACGACATTTATGG  508
   Reverse: GTTGGAGGCCTGCTTATGGG 
TGF-β1 NM_000660.5 Forward: TATTGAGCACCTTGGGCACT 130
   Reverse: ACCTCTCTGGGCTTGTTTCC 
GAPDH  NM_001289746.1  Forward: GAAGGTGAAGGTCGGAGTC  226
   Reverse: GAAGATGGTGATGGGATTTC 

COL, collagen; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of MMP; TGF, transforming growth factor.
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A preprogrammed dissociation protocol was used 
following amplification to ensure that all samples exhibited a 
single amplification. Gene expression was normalized to the 
housekeeping genes, GAPDH. mRNA levels were determined 
using the ΔΔCq method (Applied Biosystems Life Technologies) 
and expressed relative to an external calibrator on each plate.

In order to examine the clinical relevance of TGF-β1 
mRNA expression with the severity of POP, all data were 
re-grouped into 5 subgroups according to the grade of POP, 
including the non-POP (n=20), POP I (n=10), POP II (n=10), 
POP III (n=10) and POP IV group (n=10).

Statist ical analysis. Data are summarized as the 
means ± standard deviation (SD). The Chi-square test 
and Student's t-test were was used to determine statistical 
difference between 2 groups, for numeration data and 
measurement data, respectively. The statistical comparison 
among multiple groups was processed with one-way ANOVA, 
and Bonferroni's multiple comparisons test was used for inter-
group comparison. The detail statistical treatments and graph 
plotting were performed with the software of SPSS version 19.0 
(IBM SPSS, Armonk, NY, USA) and GraphPad Prism 
version 5.01 (GraphPad Software, Inc., La Jolla, CA, USA). 

Table II: Demographic and clinical characteristics of all participants.

Parameters POP group (n=30) Control group (n=30) t-value or χ2-value P-value

Age (years, mean ± SD)  58.6±4.1  57.1±3.3  1.877a NS
Parity (mean ± SD) 2.3±1.6 2.4±1.1 0.337b NS
BMI (mean ± SD) 24.6±2.7 25.2±2.4 1.100a NS
Post-menopausal duration
(months, means ± SD)  43.8±8.6  40.7±7.9  1.761a NS

at-value; bχ2-value; NS, no significance (P>0.05); POP, pelvic organ prolapse; BMI, body mass index.

Figure 1. Expression levels of collagen fibers and elastin in USL tissue from the control group and the POP group. (A) Upper panel, by Masson's trichrome 
staining, collagen fibers are stained blue, smooth muscle and cytoplasm are stained red, cell nuclei are stained black; second panel, immunohistochemical 
staining of elastin fiber, strong positive in the control group, moderately positive in the POP group; third panel, statistical analysis based on the IOD value and 
mean density captured by Image-Pro plus 6.0 software. (B) The mRNA expression levels of COL1A1, COL3A1 and elastin detected by RT-qPCR. Data are 
presented as the means ±standard deviation for at least 3 independent experiments. n=30; *P<0.05 vs. the control group, **P<0.01 vs. the control group. USL, 
uterosacral ligament; POP, pelvic organ prolapse; COL, collagen; IOD, integrated optical density.
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A value of P<0.05 was considered to indicate a statistically 
significant difference.

Results

Well‑matched demographic and clinical characteristics. A 
total of 60 women were enrolled in the present study: 30 with 
symptomatic POP (POP II-IV) constituted the POP group, 
another 30 with non-POP or asymptomatic POP (POP I) served 
as the control group. The participants from each group were well 
matched in terms of age, parity, BMI and post-menopausal dura-
tion; accordingly, there was no significant difference between 
the POP group and the control group (P>0.05; Table II).

Decreased expression of collagen and elastin fibers in the POP 
group. In order to examine the histomorphological changes 
of collagen and elastin fibers in the slices of USL tissue with 
symptomatic POP, the methods of Masson's trichrome and 
IHC staining were used. As shown in Fig. 1, collagen fibers in 
the slices of USL tissue from the POP group were much more 
loose, and decreased significantly compared with the control 

group (P<0.05). Elastin fibers became shortened, condensed 
and cluttered in rearrangements, and the immunochemical 
activity of elastin in the POP group was significantly lower than 
that of the control group (P<0.05; Fig. 1A). The RT-qPCR data 
revealed the mRNA expression levels of COL1A1 (P<0.01), 
COL3A1 (P<0.01) and elastin (P<0.05) were significantly 
decreased in the POP group (Fig. 1B). These results suggest 
that the hypo-anabolism and morphological changes of 
collagen and elastin fibers may be related to the pathogenesis 
of POP.

Upregulated expression of MMP‑2/9 and downregulated 
expression of TIMP‑2 in the POP group. The methods of IHC and 
RT-qPCR were used to investigate the expression of MMP-2/9 
and TIMP-2 (Fig. 2). In the POP group, the immunochemical 
activity of either MMP-2 (P<0.01) or MMP-9 (P<0.01) was 
significantly stronger than that of the control group. Moreover, 
there was a significantly lower expression of TIMP-2 in the 
POP group than in the control group (P<0.01; Fig. 2A). The 
trends in the alterations in mRNA expression were consistent 
with the results of IHC (Fig. 2B). The above-mentioned data 

Figure 2. Expression levels of MMP-2, MMP-9 and TIMP-2 in USL tissue from the control group and the POP group. (A) Immunohistochemical staining of USL 
sections; top panel, for MMP-2, moderate positive staining was observed in the control group, and strong positive staining in the POP group; second panel, for 
MMP-9, mildly positive staining was observed in the control group, while moderately positive staining was observed in the POP group; third panel, for TIMP-2, 
moderately positive staining was observed in the control group, and mildly positive staining in the POP group; fourth panel, statistical comparison between the 
control and POP group. (B) The mRNA expression levels of MMP-2, MMP-9, and TIMP-2, examined by RT-qPCR. Data are presented as the means ± standard 
deviation for at least 3 independent experiments. n=30; **P<0.01 vs. the control group. MMP, matrix metalloproteinase; TIMP, tissue inhibitor of MMP; USL, 
uterosacral ligament; POP, pelvic organ prolapse.
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suggest that the increased degradation of ECM proteins may be 
involved in the pathogenesis of POP.

Expression level of TGF‑β1 has clinical relevance with the 
severity of POP. IHC and RT-qPCR were performed using 
USL tissue to examine the expression of TGF-β1 (Fig. 3). In 
the POP group, the expression of TGF-β1 was significantly 
lower than that of the control group, as shown by both IHC and 
RT-qPCR (n=30, P<0.05). 

In order to examine the clinical relevance of TGF-β1 mRNA 
expression with the severity of POP, all data were re-grouped 
into 5 subgroups according to the grade of POP, including the 
non-POP (n=20), POP I (n=10), POP II (n=10), POP III (n=10) 
and POP IV group (n=10). The results revealed that the mRNA 
expression level of TGF-β1 in the POP group (POP II-IV) was 
significantly lower than that of the control group (non-POP or 
POP I). Additionally, Bonferroni's multiple comparisons test 
among the subgroups from POP I to POP IV was carried out 
to determine the correlation between TGF-β1 and the severity 
of disease. The results revealed a tendency for a negative 
correlation between the mRNA expression of TGF-β1 and 
the grade of POP in a severity-dependent manner; however, 
there was no significant difference between the non-POP and 
POP I subgroups (Fig. 3C).

TGF‑β1 attenuates the CMS‑induced degradation of ECM 
proteins in a cell model established using hUSLFs in vitro. To 
determine whether TGF-β1 plays a role in ECM remodeling 
generated by hUSLFs in the pathogenesis of POP, we replicated 
the cell model induced by CMS with certain parameters as 
described in our previous study (19,20). In cell experiments in 
the present study, hUSLFs at passages 4-6 were pre-treated with 
recombinant human TGF-β1 at concentrations of 0, 5, or 10 ng/ml 
for 24 h, and then exposed to CMS with a strain of 5,333 µε for 
4 h. As shown in Fig. 4, pre-treatment with TGF-β1 significantly 
attenauted the decrease in cell viability induced by CMS. In the 
absence of TGF-β1, CMS not only reduced the synthesis of 
COL1A1 (P<0.05), COL3A1 (P<0.05) and elastin (P<0.05), but 
also promoted their degradation through the inhibition of the 
expression of TIMP-2 (P<0.05) and the promotion of the expres-
sion of MMP-2/9 (P<0.05). In addition, pre-treatment with 
TGF-β1 significantly attenuated the CMS-induced degradation 
of COL1A1 and elastin by inhibiting the proteolytic activities 
of MMP-2/9 (P<0.05). The above-mentioned data indicate that 
TGF-β1 treatment plays a therapeutic role in the CMS-induced 
excessive degradation of the ECM.

Phosphorylation of the Smad3 signaling pathway is 
significantly improved by pre‑treatment with TGF‑β1 

Figure 3. The expression of TGF-β1 in USL tissue from the control group (including non-POP and asymptomatic POP of grade I) and the POP group (POP II-IV). 
(A) Immunohistochemical staining of USL sections; strongly positive staining was observed in the control group, and mildly positive in the POP group; n=30; 
(B) the mRNA expression levels of TGF-β1 examined by RT-qPCR. *P<0.05 vs. the control group. n=30; (C) analyzing the clinical relevance of TGF-β1 mRNA 
expression level with the grade of POP. Data are presented as the means ± standard deviation for at least 3 independent experiments; n=10; *, △, # and ✩ represent 
P<0.05 when compared with the non-POP, POP I, POP II, and POP III group, respectively. TGF, transforming growth factor; USL, uterosacral ligament; POP, 
pelvic organ prolapse.
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following CMS. The TGF-β1/Smad signaling pathway plays 
an important role in fibrosis and degenerative fibrotic disease. 
In order to identify the exact regulatory mechanisms through 
which TGF-β1 attenuates the ECM remodeling induced by 
CMS, the alterations in downstream Smad signaling pathways 
were investigated by western blot analysis (Fig. 5). In the 
present study, it was observed that the phosphorylation rates 
of both Smad2 and 3 were significantly inactivated by CMS in 
the hUSLFs (P<0.05). Pre-treatment with TGF-β1 significantly 
improved the phosphorylation rate of Smad3 (P<0.05), but had 
no significant effect on the phosphorylation of Smad2 (P>0.05). 
In addition, western blot analysis revealed that the Smad4 
signaling pathway exhibited no significant alteration induced 
following CMS (P>0.05). It was thus suggested that the Smad3 

signaling pathway is the downstream regulatory mechanism 
activated by TGF-β1 in hUSLFs subjected to CMS.

Discussion

POP is currently considered to be a disorder of pelvic floor 
dysfunction, which is caused by the degenerative weakening 
of pelvic supportive structures (21). Based on previous studies, 
collagen and elastin, as the essential components of connective 
tissue, contribute the most to the maintenance of resistance 
ability (6,22). Although the histopathological alterations 
in connective tissue in POP women have been mentioned 
previously (22,23), there are disputes as to the trends in 
the alterations of the levels of collagen I, III and elastin. 

Figure 4. Effect of TGF-β1 on cell viability and ECM metabolism in the control or hUSLFs subjected to CMS. In the study groups, hUSLFs were incubated with 
recombinant human TGF- 1 at concentrations of 0, 5, or 10 ng/ml for 24 h, then exposed to CMS at a strain of 5,333 µε for 4 h. The normal control group was not 
treated with TGF-β1 or CMS. (A) Cell viability was detected using the Cell Counting kit-8 (CCK-8) method. Expression levels of COL1A1, COL3A1, elastin, 
TIMP-2, MMP-9 and MMP-2 were analyzed by (B) western blot analysis, (C) gelatin zymography, or (D) RT-qPCR. Data represent the means ± standard devia-
tion for at least 3 independent experiments; n=3; *P<0.05 vs. the control group; #P<0.05 vs. the CMS group. TGF, transforming growth factor ECM, extracellular 
matrix; CMS, cyclic mechanical stretching; hUSLF, human USL fibroblast; COL, collagen; TIMP, tissue inhibitor of MMP; MMP,  matrix metallloproteinase. 
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Vulic et al (24) and Chen et al (25) reported that the amounts 
of collagen I and III were significantly decreased in USL with 
POP. However, there are different opinions, as Yucel et al (26) 
clarified that the expression of collagen III was upregulated 
in women with POP. Gabriel et al  (8) concluded that  there 
was no significant difference in the expression of collagen I 
between women with POP and or women with non-POP, but an 
increased ratio of collagen I/III may be a salient feature of POP. 
Methodological issues may account for these discrepancies. A 
common feature in the above-mentioned results is that most 
of these experimental data were obtained from a single IHC 
investigation; such evidence would inevitably have limitations 
and one-sidedness, as IHC data are always limited by the biopsy 
site and sample size. Different biopsy sites, particularly those 
in prolapsed tissue, also increase variability as the differences 
in stress loads can upregulate different proteins. Additionally, 
pathological diagnosis is susceptible to the subjective judgement 
of the pathologist. To a certain extent, RT-qPCR data is more 
objective. In order to obtain more objective experimental 
data, in addition to IHC, we also carried out RT-qPCR as a 
further complement. In the present study, our experimental 
data validated that the expression levels of COL1A1, COL3A1 
and elastin were significantly decreased in USL tissue from the 
POP group compared with the control group (Fig. 1). It can be 
inferred that the loss of collagen and elastin is associated with 
the development of POP.

MMPs and TIMPs are considered key regulators in 
the degradation of ECM, which are commonly involved 
in physiological and pathological proteolytic processes. A 

previous study found a lower amount of collagen, and higher 
expression levels of MMP-2/9 in vaginal biopsies from women 
with POP (14). A significantly higher immunoreactivity 
in MMP-1, but no difference in MMP-2, was observed 
in women with POP compared with the controls (24,27). 
Gabriel et al (28) reported that an increased MMP-2 expression 
in USL correlated with the incidence of POP. Dviri et al (29) 
found higher expression levels of MMP-1/9 in vaginal wall 
biopsies from women with POP compared with the controls. To 
analyze the reasons for discrepancies in the above-mentioned 
findings, firstly,  the effects of confounding factors, such as 
age, parity, obesity, menopausal status and a history of HRT 
should be considered. Secondly, differences in research 
methods may lead to divergent conclusions. Compared with 
western blot analysis, gelatin zymography, immunochemistry 
andRT-qPCR are more suitable for the study of MMP 
expression, as gelatin zymography directly exhibits the activity 
of proteolytic enzymes, immunochemistry additionally shows 
the distribution of MMPs, and RT-qPCR reflects changes at 
the transcriptional level, while western blot analysis can only 
reflect the protein content of MMPs. In the present study, the 
method of either immunochemistry or gelatin zymography 
combined with RT-qPCR was selected to study MMPs. A 
significantly higher expression of MMP-2/9, as well as a lower 
expression of TIMP-2, was observed in USL from women with 
POP compared with the asymptomatic controls after being 
matched in age, parity, BMI and menopausal duration (Fig. 2). 
The present results are highly in accordance with those of 
previous reports (30,31). According to the experimental results, 

Figure 5. Involvement of the TGF-β1/Smad3 signaling pathway in the regulatory mechanism of ECM remodeling in hUSLFs subjected to CMS. Western blot 
analysis validated that pre-treatment with TGF-β1 significantly promoted the phosphorylation of the Smad3 signaling pathway in the cells subjected to CMS. 
Data represent the means ± standard deviation for at least 3 independent experiments; n=3; *P<0.05 vs. the control group; #P<0.05 vs. the CMS group. ECM, 
extracellular matrix; CMS, cyclic mechanical stretching; hUSLF, human USL fibroblast; TGF, transforming growth factor.
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we suggest not only a reduced synthesis, but also an increased 
degradation of ECM, which are the metabolic abnormalities 
which contribute to the incidence of POP.

TGF-β is currently considered as an important regulator 
widely involved in the pathogenesis of fibrosis and degenerative 
fibrotic diseases,  that may induce fibroblast differentiation, 
promote collagen synthesis and reduce degradation by 
inhibiting MMPs and upregulating TIMPs (12). Previous 
researchers have clarified that the activity of gelatinase/type IV 
collagenase (MMP-2) was regulated by TGF-β1 in human 
gingival fibroblasts (32). TGF-β1 reduced the level of collagenase 
mRNA and increased the level of TIMP mRNA. A sparse, but 
growing evidence of TGF-β1 modulation in pelvic connective 
tissue has been found. The TGF-β/Smad signaling pathway and 
MMPs are involved in stress urinary incontinence induced by 
vaginal delivery in animal studies (15). However, to the best 
of our knowledge, TGF-β1 has rarely been investigated in 
women with POP. In the present study, TGF-β1 was found to 
be expressed at significantly lower levels in USL tissue from 
women with POP than in the controls, and further statistical 
analysis after re-grouping according to the grade of POP 
indicated the mRNA expression level of TGF-β1 partially 
negatively correlated with the severity of POP (Fig. 3). Perhaps 
more statistically significant results may have been obtained 
if a greater number of participants were enrolled in this study. 
Taken together with the published theory in the relative field, 
at least we could predict the possible involvement of TGF-β1 
in the pathogenesis and development of POP by regulating the 
metabolism of ECM.

To identify the exact role of TGF-β1 in the development 
of POP, in the follow-up experiment in vitro, we introduced a 
cellular disease model that mimicked ECM remodeling in POP, 
which was established on hUSLFs subjected to CMS loading 
with a strain of 5,333 µε for 4 h as described in our previous 
study (19,20). Since it has been conducted in a previous 
study (19,20), we did not describe the dose-effect investigation 
in detail in this study. To verify the rationality of the cell 
model, it was observed that CMS loading not only significantly 
stimulated the degradation of ECM proteins, but also reduced 
its synthesis (Fig. 4); these effects are metabolic features in POP. 
In vitro cell experimental results indicated that pre-treatment 
with TGF-β1 significantly attenuated the CMS-induced loss 
of ECM proteins by inhibiting the proteolytic activities of 
MMP-2/9, as well as by stimulating synthesis of COL1A1 and 
elastin. Further experiments revealed that the phosphorylation 
of the Smad3 signaling pathway is the downstream regulatory 
mechanism activated by TGF-β1 in hUSLFs subjected to CMS 
loading (Fig. 5).

There are still some shortcomings to the present study. 
Firstly, we used a relatively small sample size. With a larger 
patient number, perhaps more statistically significant results may 
have been obtained following re-grouping according to the grade 
of POP. Secondly, IHC is not the most ideal method for the study 
of the expression of MMPs at the tissue level, since the secre-
tion and activity of MMPs may always change quantitatively, 
and in theory, gelatin zymography is the more suitable method. 
However, due to the limited source of clinical specimens and 
the experimental budget, we selected IHC as the study method, 
as IHC has a certain advantage in detecting the localization of 
MMP expression in tissue to a certain extent. Thirdly, due to 

time and experimental technology constraints, the present study 
was limited, resulting in the lack of adequate evidence to confirm 
whether the Smad3 signaling pathway is the only downstream 
regulatory mechanism. In addition, the present conclusion may 
be more convincing if further validation was available at the 
animal level experiment in vivo.

In conclusion, in the present study, we provide evidence to 
indicate that the reduced anabolism and increased catabolism 
of ECM proteins in USL are the pathological characteristics of 
POP. TGF-β1 not only can be used as a biomarker to predict the 
severity of POP, but also has a therapeutic effect in cell model 
of POP, and it is suggested that the TGF-β1/Smad3 signaling 
pathway may be a novel therapeutic target for POP.
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