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Abstract. Pelvic organ prolapse (POP) is a prevalent condition 
among middle‑aged and older women, and is associated with 
the irregular production and breakdown of the extracellular 
matrix. Mechanical forces serve a key role in preserving the 
equilibrium between matrix synthesis and degradation, thereby 
supporting the structural integrity of pelvic floor tissues. The 
aim of the present study was to investigate alterations in the 
composition of vaginal wall tissues in individuals suffering 
from POP and to investigate the molecular mechanisms 
through which mechanical forces trigger fibroblast apoptosis 
and influence collagen expression via the integrin‑β1/TGF‑β1 
signaling pathway. Masson's trichrome and Elastica van Gieson 
staining were used to examine the pathological alterations in 
the tissue associated with POP. Analysis of immunofluores‑
cence, western blotting and reverse transcription‑quantitative 
PCR data was performed to assess changes in the levels of 
proteins and genes such as collagen, integrin‑β1, TGF‑β1, 
MMP‑1 and tissue inhibitor of metalloproteinase‑1 (TIMP‑1). 
Fibroblasts were incubated with an integrin‑β1 antagonist 
RGD peptide to mimic cellular injury induced by mechanical 
forces, and cell migration and apoptosis were analyzed using 
scratch assays and flow cytometry. Cytoskeletal alterations 
were detected via immunofluorescence staining, and western 
blot analysis was conducted to examine the expression levels 

of integrin‑β1, TGF‑β1, TIMP‑1, MMP‑1, collagen type I α1 
chain (COL1A1) and collagen type III α1 chain (COL3A1) 
across various groups. Analysis revealed that in the POP group, 
the collagen fibers in the vaginal wall tissues were loose and 
irregularly arranged, the number of elastic fibers was reduced 
and the structure was degraded. Furthermore, stress fibers 
were incomplete and their functions were impaired, resulting 
in damage to the connective tissue structure of the pelvic 
floor. Integrin‑β1 was key for fibroblast migration, apoptosis 
and collagen synthesis. Additionally, the integrin‑β1/TGF‑β1 
signaling pathway served a role in mediating fibroblast apop‑
tosis, and influencing the synthesis and metabolism of COL1A1 
and COL3A1 induced by mechanical forces. Understanding 
the underlying pathogenesis of pelvic floor organ prolapse 
could pave the way for future investigations into innovative 
prevention and treatment strategies.

Introduction

Pelvic organ prolapse (POP) is a common disease in 
middle‑aged and elderly women (1). For various reasons (2,3), 
including vaginal delivery, parity, birthweight, age and body 
mass index, the position of the pelvic organs can drop and 
protrude into the vagina or even protrude from the vaginal 
opening, resulting in abnormal organ position and function. 
POP is a multifactorial disease in which age is an independent 
risk factor and pregnancy is the most common risk factor for 
disease development, as vaginal birth can damage the pelvic 
floor muscles and connective tissues (4). In addition, high 
estrogen levels before hysterectomy, multiple pregnancies, 
increased age, increased BMI and persistently increased 
intra‑abdominal pressure (including obesity, chronic cough, 
constipation and repeated weight‑bearing) may also lead to 
prolapse (5). At present, the incidence of POP is increasing 
annually, and surgery is still the most common treatment 
method for patients with severe POP  (6). A community 
physical examination in the Netherlands revealed that 75% 
of women aged 45‑85 years had POP, with 10‑20% of these 
women requiring surgical treatment  (7). Large‑sample 
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epidemiological surveys in China have revealed that 43‑76% 
of patients with POP require surgical treatment and that ~1/3 
of patients with POP who receive surgical treatment require 
secondary surgical treatment  (8‑10). A projection in the 
United States revealed that the number of patients undergoing 
pelvic floor surgery for POP will increase from ~170,000 in 
2010 to ~250,000 by 2050 (11). Although POP is not a fatal 
disease, it can reduce patient quality of life and even cause 
serious psychosocial problems (1). The molecular biological 
mechanisms of POP have become hot research topics.

The female pelvic floor is subjected to tension caused by 
pregnancy, childbirth or defecation amongst other causes, 
which increases abdominal pressure (12). The supporting 
function of the pelvic floor connective tissue mainly depends 
on the extracellular matrix (ECM). Changes in the degrada‑
tion and composition of the ECM can disrupt the mechanical 
balance of the pelvic floor connective tissue, and serve a key 
role in the occurrence and development of POP (13). The 
main components of the ECM are collagen and elastin, and 
the metabolism of collagen and elastin is regulated by fibro‑
blasts (14). A study has shown that mechanosensitive pathways 
serve a key role in fibroblast activation (15). Fibroblasts sense 
mechanical forces through mechanosensitive receptors, 
including integrins, ion channels, G protein‑coupled recep‑
tors and growth factor receptors, and mediate responses to 
mechanical stress (16). Integrins are cell membrane surface 
receptors that mainly mediate adhesion between cells, 
and between cells and the ECM; they are also important 
mechanical signal receptors  (17). One study showed that 
integrin‑mediated adhesion can enhance TGF‑β1‑induced 
signal transduction  (18). Loss of integrin α1β1 leads to 
increased TGF‑β‑mediated signaling and unilateral ureteral 
obstruction fibrosis, while TGF‑β‑mediated activation of 
classical signaling is the main driver of tubular renal fibrosis 
in integrin α1 knockout mice. It can be seen that the two 
signaling pathways mediated by integrins and the TGF‑β1 
receptor can be coupled through their downstream signaling 
molecules  (19). It is unclear whether integrins also alter 
TGF‑β profibrotic signaling by directly modulating the 
activity of the TGF‑β receptors complex.

A study has shown that, after myocardial infarction, 
αvβ5 integrin expression is upregulated in fibroblasts (20). 
Perrucci et al  (21) reported that αvβ5 integrin expression 
levels were also upregulated in cardiac fibroblasts from 
spontaneously hypertensive rats. In vitro inhibition by cilen‑
gitide could effectively prevent the differentiation of cardiac 
fibroblasts into myofibroblasts in spontaneously hypertensive 
rats. These findings suggest the possibility of treating cardiac 
fibrosis with the integrin αvβ5 inhibitor cilengitide (21). In 
addition, several studies have shown that mechanical force 
can affect the expression levels of integrin‑β1 in the sacral 
ligaments of patients with POP (22), thereby exerting an adap‑
tive effect on cytoskeletal morphology (23). However, to the 
best of our knowledge, there is currently no research on the 
regulation and mechanism of integrins by mechanical signals. 
Therefore, the aims of the present study were to investigate 
the mechanism by which mechanical force affects collagen 
synthesis and metabolism through integrin‑β1/TGF‑β1 and 
to provide a novel direction for the prevention and treatment 
of POP.

Materials and methods

Ethical statement. All procedures involving human samples in 
the present study were conducted with ethics‑approved protocols 
in accordance with the guidelines of the Ethics Committee of 
Ningxia Medical University (approval no. KYLL‑2024‑0223; 
Yinchuan, China). All patients signed informed consent forms 
prior to surgery.

Source of the samples. Samples were collected from 20 patients 
aged 45‑70 years with POP‑Q stages III‑IV (24) who under‑
went total hysterectomy for uterine and anterior vaginal wall 
prolapse at Ningxia Medical University General Hospital 
(Yinchuan, China) between March and December 2022. The 
inclusion criteria included: Confirmed POP diagnosis, elective 
hysterectomy and informed consent. The exclusion criteria 
included: Gynecological malignancies, prior pelvic radiation or 
incomplete records. The control group consisted of 20 patients 
aged 45‑70  years who underwent total hysterectomy for 
benign gynecological conditions such as leiomyomas and 
adenomyosis at the same hospital during the same period. The 
inclusion criteria included a diagnosis of benign disease with 
no history of POP, with the same exclusion criteria as the POP 
group. All patients included in the present study did not have 
urinary incontinence, had not undergone hormone replacement 
therapy within 3 months prior to surgery and had no history 
of endometriosis. Additionally, none of the patients presented 
with respiratory, cardiovascular, skin or other connective tissue 
abnormalities that could influence cytoskeletal metabolism. 
There were no statistically significant differences between the 
two groups in terms of age, number of pregnancies, number of 
vaginal deliveries or BMI (P>0.05; Table I).

Tissue specimen preparation. Discarded vaginal wall tissue 
removed by surgery was obtained. All layers were intact, and 
the size of each specimen was ~1 cm3. After rinsing with 
sterile saline, the specimens were fixed in 4% paraformalde‑
hyde solution for 24 h at 4˚C. A portion of each tissue was 
dehydrated with 30% sucrose and then embedded in optimal 
cutting temperature compound. Frozen sections (12‑µm thick) 
were prepared at ‑20˚C for immunofluorescence experiments. 
The remaining portion of the tissue was dehydrated using an 
ascending alcohol gradient, cleared, embedded in paraffin 
and cooled. The tissue was serially sectioned at a thickness of 
5‑µm and then used for the next step of staining.

Masson's trichrome and Elastica van Gieson (EVG) staining. 
For Masson staining (Beijing Solarbio Science & Technology 
Co., Ltd.), the paraffin sections were dewaxed, stained with 
hematoxylin for 8  min at room temperature, rinsed with 
running water and differentiated with 1% hydrochloric acid for 
1 min. The sections were rinsed with running water for 1 min, 
stained with Masson staining solution at room temperature for 
8 min and rinsed with distilled water for 1 min. Subsequently, 
the sections were treated with 1% phosphomolybdic acid solu‑
tion for 5 min, counterstained with aniline blue solution for 
5 min and treated with 1% glacial acetic acid for 1 min (all at 
room temperature). Afterwards, the sections were dehydrated 
with 95% alcohol and absolute ethanol, made transparent 
with xylene, and sealed with neutral gum. For EVG staining 
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(Beijing Solarbio Science & Technology Co., Ltd.), the paraffin 
sections were dewaxed, stained with modified VG staining 
solution for 10 min, and washed with distilled water for 10 sec 
to wash away excess dye. Verhöeff staining working solution 
was added dropwise for 5 min, and sections were washed with 
distilled water for 10 sec. The Verhoeff differentiation solution 
was used for differentiation for 10 sec until the elastic fibers 
were clear. The seconds were washed for 10 sec with distilled 
water. Gradient ethanol dehydration was performed starting 
from 75% ethanol (5 sec each time). Sections were cleared 
with xylene twice for 1 min each, and the slide was sealed 
with neutral gum. The aforementioned steps were performed 
at room temperature. The images were viewed under a Nikon 
Eclipse E100 light microscope (Nikon Corporation).

Immunofluorescence staining. Frozen tissue sections were 
thawed and washed three times with PBS, permeabilized with 
0.3% Triton‑100 (Beijing Solarbio Science & Technology 
Co., Ltd.) for 30  min, blocked with 10% goat serum 
(Beyotime Institute of Biotechnology) at room temperature 
for 40  min, and incubated with the primary antibodies 
overnight at 4˚C. Cells were fixed with 4% paraformalde‑
hyde at room temperature for 30 min, washed three times 
with PBS and permeabilized with 0.5% Triton‑100 (Beijing 
Solarbio Science & Technology Co., Ltd.) for 10  min. 
The remaining steps were the same as for tissue immuno‑
fluorescence analysis. The primary antibodies used were 
as follows: Rabbit anti‑collagen type I α1 chain (COL1A1; 
1:100 dilution; cat.  no.  TA7001; Abmart Pharmaceutical 
Technology Co., Ltd.), rabbit anti‑collagen type III  α1 
chain (COL3A1; 1:100 dilution; cat. no. PS03702; Abmart 
Pharmaceutical Technology Co., Ltd.), rabbit anti‑α smooth 
muscle actin antibody (1:100 dilution; cat. no. 14395‑1‑AP; 
Proteintech Group, Inc.), rabbit anti‑Vimentin (1:100 dilution; 
cat. no. 10366‑1‑AP; Proteintech Group, Inc.) and mouse 
anti‑E‑cadherin (1:100 dilution; cat. no. Sc‑8426; Santa Cruz 
Biotechnology, Inc.). Subsequently, the sections were incu‑
bated with the corresponding secondary antibody at 37˚C 
in the dark for 1 h, washed three times with PBS, stained 
with DAPI (Beyotime Institute of Biotechnology) for 8 min 
at room temperature and sealed with anti‑fade agent. The 
secondary antibodies included goat anti‑rabbit IgG (H+L) 
Cross‑Adsorbed Secondary Antibody, Alexa Fluor™ 546 
(1:500 dilution; A11010; Thermo Fisher Scientific, Inc.) and 
goat anti‑mouse IgG, IgM, IgA (H+L) Secondary Antibody, 
Alexa Fluor™ 488 (1:10,000 dilution; A10667; Thermo Fisher 
Scientific, Inc.). All images were obtained and analyzed using 

a Nikon A1R confocal microscope (Nikon Corporation) with 
NIS‑Elements Viewer 4.5 software (Nikon Corporation).

Cytoskeleton F‑actin phalloidin. The tissue specimens were 
soaked in 4% paraformaldehyde at 4˚C for 24 h. The tissues 
were then transferred to 30% sucrose solution and left to 
sink overnight at 4˚C. After embedding with optimal cutting 
temperature compound (cat. no. 4583; Sakura Finetek USA, 
Inc.), the tissue blocks were cut into 12‑µm‑thick sections using 
a freezing microtome (Leica CM1950; Leica Microsystems 
GmbH) for immunofluorescence staining. Frozen tissue 
sections were thawed and washed three times with PBS, 
permeabilized with 0.3% Triton X‑100 in PBS for 5 min at 
room temperature and washed three times with 0.3% Triton 
X‑100  +  1% BSA (Beyotime Institute of Biotechnology). 
Subsequently, the sections were incubated with 50 nmol/l 
FITC‑labeled phalloidin (cat.  no. R M02836; ABclonal 
Biotech Co., Ltd.) in the dark for 1 h at room temperature. The 
sections were washed three times with PBS, and incubated 
with DAPI solution for 8 min at room temperature to stain 
the nuclei. Sections were then washed with PBS, and the cells 
were observed and images were captured under a Nikon A1R 
confocal microscope (Nikon Corporation).

Western blotting. Proteins were extracted from vaginal wall 
tissue or fibroblasts using lysis buffer containing protease 
inhibitors and phosphatase inhibitors (cat.  no.  KGB5303; 
Jiangsu Kaiji Biotechnology Co., Ltd.). The protein concen‑
tration was determined using a BCA protein assay kit 
(Jiangsu Kaiji Biotechnology Co., Ltd.). Equal amounts of 
protein (20 µg/lane) were separated on a 10% SDS‑PAGE 
gel and subsequently transferred to a PVDF membrane 
(MilliporeSigma). The membrane was then blocked with 
5% skim milk for 1 h at room temperature and subsequently 
incubated with primary antibodies overnight at 4˚C. The 
membrane was washed three times with TBS with 0.1% 
Tween (10 min/wash) and incubated with an HRP‑labeled goat 
anti‑rabbit or goat anti‑mouse secondary antibody (1:10,000 
dilution; cat. nos. SA00001‑2 and SA00001‑1; Proteintech 
Group, Inc.) for 1 h at room temperature. Protein bands were 
visualized using ECL (Jiangsu Kaiji Biotechnology Co., Ltd.), 
and images were captured and analyzed with Image Lab 6.1 
software (Bio‑Rad Laboratories, Inc.). All experiments 
were conducted at least three times. The antibodies used 
for western blotting were anti‑collagen I (cat. no. ab138492) 
and anti‑collagen III (cat. no. ab184993) from Abcam, and 
anti‑integrin‑β1 (cat. no. A23497), anti‑MMP‑1 (cat. no. A1191), 

Table I. Comparison of general conditions of control subjects and patients with POP.

Variable	C ontrol (n=20)	 POP (n=20)	 P‑value

Age, years (mean ± SD)	 58.45±4.89	 60.20±8.29	 0.42
BMI, kg/m2 (mean ± SD)	 25.90±4.16	 24.03±1.45	 0.07
Median number of pregnancies (range)	 3.00 (0‑5)	 4.00 (2‑13)	 0.12
Median number of vaginal deliveries (range)	 2.00 (0‑4)	 2.50 (1‑10)	 0.16

POP, pelvic organ prolapse.
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anti‑TIMP‑1 (cat. no. A4959), anti‑TGF‑β1 (cat. no. A22296) 
and anti‑GAPDH (cat. no. AC033) from ABclonal Biotech Co., 
Ltd. All antibodies were diluted 1:1,000.

Reverse transcription‑quantitative PCR (RT‑qPCR). mRNA 
expression levels of various genes in vaginal wall tissues or 
fibroblasts were evaluated using RT‑qPCR. The primers used 
for amplification were purchased from Sangon Biotech Co., 
Ltd., and FreeZol Reagent (R711‑01; Vazyme Biotech Co., 
Ltd.) was used to extract total RNA. Using a PrimeScript™ 
RT reagent Kit (Takara Bio, Inc.), cDNA was synthesized with 
1 µg RNA as a template. The following temperature protocol 
was used for reverse transcription: 85˚C for 5  sec for the 
reverse transcription reaction; 37˚C for 15 min to inactivate 
the reverse transcriptase; and 4˚C to store the reverse transcrip‑
tion product. RT‑qPCR was conducted using a SYBR‑Green 
qPCR kit (Takara Bio, Inc) according to the manufaturer's 
instructions. The thermocycling conditions were as follows: 
Initial denaturation at 95˚C for 10 min, followed by 40 cycles 
of 95˚C for 30 sec, 56˚C for 30 sec and 72˚C for 20 sec. Gene 
expression was normalized to the expression of GAPDH, a 
housekeeping gene, and mRNA levels were quantified using 
the 2‑∆∆Cq method (25). The primer sequences are shown in 
Table II.

Extraction and culture of primary f ibroblasts f rom 
the anterior vaginal wall. Anterior vaginal wall tissue 
obtained during surgery was immediately placed in DMEM 
(Thermo Fisher Scientific, Inc.), and washed with PBS 
containing 100 U/ml penicillin and 100 mg/ml streptomycin 
(cat. no. C0222; Beyotime Institute of Biotechnology). The 
tissue was then cut into small pieces with sterile ophthalmic 
scissors. Tissues were digested with 0.2% collagenase I  
(Beijing Solarbio Science & Technology Co., Ltd.) at 37˚C 
with 5% CO2 for 12 h and then further digested with 0.25% 
trypsin (Beijing Solarbio Science & Technology Co., Ltd.) for 
3 min at room temperature. Digestion was terminated with 
10% fetal bovine serum (cat. no. C04001‑500; batch, 2142312; 
Biological Industries). Fetal bovine serum production quality 
complied with the Current Good Manufacturing Practice 
requirements and passed ISO13485: 2016 quality certifica‑
tion. The same batch of fetal bovine serum was used in all 
cell culture processes. The digested tissue was centrifuged 
at 350 x g at room temperature for 5 min. The supernatant 
was discarded, and the cells were resuspended in DMEM 
(Thermo Fisher Scientific, Inc.) containing 10% fetal bovine 
serum and 1% (v/v) penicillin‑streptomycin (cat. no. C0222; 
Beyotime Institute of Biotechnology), then cultured in a 
5% CO2‑humidified atmosphere at 37˚C. The medium was 
changed every 2  days. Fibroblasts were used at passages 
3‑8. The cells were observed using an Olympus BX51 light 
microscope (Olympus Corporation).

Construction of a mechanical loading model of fibroblasts. 
Well‑growing fibroblasts from the 4th to 8th generations were 
used to generate the mechanical loading model. Cells were 
identified as fibroblasts using immunofluorescence staining of 
cell markers. Primary fibroblasts from the vaginal wall were 
then seeded into a Bioflex 6‑well plate (Flexcell International 
Corporation) coated with rat tail type I collagen at a density 

of 3x105
 per well and cultured. After the cells reached 80% 

confluency, the 6‑well plate was placed in the second‑gener‑
ation multi‑channel cell tensile stress loading system (jointly 
developed by the Affiliated Hospital of Qingdao Medical 
University, Qingdao, China, and Ocean University of China, 
Qingdao, China.). A review of the literature indicated that 
the mechanical stress of fibroblasts is mostly 8‑20% (26). 
Preliminary experiments set up three gradients of 10, 15 and 
20%, and found that there was no significant difference in cells 
under 10% stress, while the cell death rate was high under 20% 
stress, and 15% stress more closely simulated the POP state 
(data not shown). Therefore, 0.1 Hz and 15% mechanical stress 
were selected for subsequent experiments to act on fibroblasts 
for 0, 6, 12 and 24 h. The growth status of cells in each group 
was observed under an inverted fluorescence microscope 
(Olympus Corporation).

Annexin V‑FITC/PI. Apoptosis was assessed using an 
Annexin V‑FITC/PI apoptosis kit (Jiangsu Kaiji Biotechnology 
Co., Ltd.) according to the manufacturer's protocol. Fibroblast 
apoptosis was detected by washing fibroblasts twice with PBS, 
followed by centrifugation at 350 x g for 5 min at room tempera‑
ture. The cells were resuspended in 500 µl binding buffer, after 
which 5 µl annexin V‑FITC was added, followed by mixing. 
Subsequently, 5 µl propidium iodide was added, and the cells 
were incubated at room temperature in the dark for 10 min. A 
flow cytometer (BD Accuri C6; BD Biosciences) was used to 
detect the labeled cells and analysis was performed with FlowJo_
v10.8.1 Software (Cabit Information Technology Co., Ltd.).

Cell scratch assay. A marker was used to draw a straight line on 
the outside of the bottom of a 6‑well plate. Cells were routinely 
cultured to 90% confluency. The tip of a 10‑µl pipette was used 
to create vertical scratches on the cell plate. The scratched cells 
were rinsed with PBS, after which serum‑free medium was 
added, and culture was continued. Images were captured using 
an inverted fluorescence microscope (Olympus Corporation) 
at 0 and 12 h, and the cell migration rate was calculated using 
ImageJ 1.8.0 software (National Institutes of Health).

Statistical analysis. SPSS 25.0 (IBM Corp.) and GraphPad 
Prism 10.0 statistical software (Dotmatics) were used for data 
processing and statistical analysis. The results are presented as 

Table II. Primer sequences of the analyzed genes.

Gene (human)	 Sequence (5'‑3')

COL3A1‑F	 TTGAAGGAGGATGTTCCCATCT
COL3A1‑R	ACA GACACATATTTGGCATGGTT
COL1A1‑F	 GAGGGCCAAGACGAAGACATC
COL1A1‑R	CA GATCACGTCATCGCACAAC
GAPDH‑F	 GGAGCGAGATCCCTCCAAAAT
GAPDH‑R	 GGCTGTTGTCATACTTCTCATGG

COL1A1, collagen type I α1 chain; COL3A1, collagen type III α1 
chain; F, forward; ITGB1, integrin subunit β1; R, reverse; TIMP‑1, 
tissue inhibitor of metalloproteinase‑1.
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the mean ± SD of at least three independent experiments. For 
comparisons of two groups, P‑values were determined by an 
unpaired two‑tailed Student's t‑test, and multiple groups were 
compared by one‑way ANOVA followed by Tukey's multiple 
comparisons post hoc test. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Molecular changes in vaginal tissues from patients with POP. 
Morphological changes in the vaginal wall tissues in the POP 
group were compared with those in the normal control group. 
The collagen fibers in the lamina propria in the POP group 
were loosely arranged and disordered. The elastic fiber density 
was reduced and broken in several places (Fig. 1A). Analysis 
of phalloidin staining observed via laser confocal microscopy 
revealed that the F‑actin stress fibers in the normal control 
group were evenly distributed, dense, continuous and orderly 
in the form of filaments, whereas the F‑actin stress fibers in 
the POP group were wavy in shape and distinctly distorted, 
with complete destruction of the structure (Fig. 1B). This 
suggested that the structural destruction and impairment of 
the functional integrity of the pelvic floor connective tissue 
were closely associated with POP.

Expression levels of COL1A1 and COL3A1 are reduced in the 
vaginal wall tissues of the POP group. To determine the local‑
ization and expression levels of collagen in the vaginal wall 
tissue, immunofluorescence staining was conducted. COL1A1 
and COL3A1 were mainly expressed in the cytoplasm, and 
the fluorescence intensity in the POP group was reduced 

compared with that in the normal control group (Fig. 2A). 
RT‑qPCR results revealed that, in the prolapsed tissue, the 
mRNA expression levels of COL1A1 and COL3A1 were 
relatively high, which may be associated with compensatory 
gene expression of collagen and disordered elastin fiber struc‑
ture (Fig. 2B). Western blot analysis revealed that the protein 
expression levels of COL1A1 and COL3A1 were significantly 
decreased in tissues from patients with POP compared with 
tissues from the control group (Fig. 2C; P<0.05).

Changes in the expression levels of integrin‑β1, TGF‑β1, 
MMP‑1 and tissue inhibitor of metalloproteinase‑1 (TIMP‑1) 
in vaginal wall tissue. Western blot analysis revealed that the 
protein expression levels of integrin‑β1, TGF‑β1 and TIMP‑1 
were significantly reduced, and the protein expression levels of 
MMP‑1 were significantly increased in tissues from patients 
with POP compared with in tissues from the control group 
(P<0.05; Fig. 3).

Extraction and identification of primary fibroblasts. A 
type I collagenase digestion method was used to extract cells. 
Fibroblasts of the 4th passage were selected for immunofluo‑
rescence staining. Cells that were negative for E‑cadherin and 
smooth muscle actin but positive for vimentin were considered 
to be fibroblasts (27) (Fig. 4B). Observation under an inverted 
microscope revealed that the cells in both the POP group and 
the control group were spindle‑shaped, with clear boundaries, 
transparent cytoplasm and large nuclei. However, fibroblasts 
in the POP group were generally longer, and triangular or 
polygonal cells were less common in the POP group than in 
the control group (Fig. 4A).

Integrin‑β1 inhibitor reduces the migration of fibroblasts, and 
the expression levels of COL1A1 and COL3A1. Fibroblasts 
secrete growth factors when migrating at scratches to promote 
collagen production  (28). As shown in Fig. 5A, compared 
with that in the control group, the migration of fibroblasts 
was significantly reduced in the integrin‑β1 inhibitor group 
(P<0.05) and non‑significantly reduced in the POP group. Flow 
cytometry revealed that apoptosis was significantly increased 
in the integrin‑β1 inhibitor group and POP group compared 
with the control group (Fig. 5B). Western blot analysis revealed 
that after treatment with an integrin‑β1 inhibitor, the expres‑
sion levels of COL1A1, COL3A1 and integrin‑β1 in fibroblasts 
were decreased compared with those in the normal control 
group (Fig. 5C; P<0.05), indicating that the expression levels 
of integrin‑β1 were closely associated with the expression 
levels of collagen.

Construction of an in vitro fibroblast stress loading model. 
To investigate the impact of mechanical force on fibroblasts, 
a cellular mechanical tensile load model was established. 
As shown in Fig. 6, when observed under an inverted phase 
contrast microscope, at 0 h (no mechanical stress) cultured 
fibroblasts were distributed randomly with disordered growth 
directions. When 15% mechanical stress was applied to stretch 
the cells for 6, 12 or 24 h, the morphological differences at 6 h 
were not obvious; however, after stretching for 12 h, cell adhe‑
sion deteriorated and the cells became spindle‑shaped. After 
24 h of stretching, the fibroblasts were more transparent, with 

Figure 1. Morphological staining of vaginal wall tissue in the normal and 
POP groups. (A) Masson's trichrome (left; magnification, x100; magnification 
of the magnified area, x200) and Elastica van Gieson (right; magnification, 
x100; magnification of the magnified area, x200) staining of vaginal wall 
tissues from control subjects and patients with POP. (B) Phalloidin staining 
of vaginal wall tissues (scale bar, 100 µm) from control subjects and patients 
with POP. F‑actin, filamentous actin; POP, pelvic organ prolapse.

https://www.spandidos-publications.com/10.3892/mmr.2025.13469
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round cells suspended in the culture medium and adherent 
cells gradually exhibiting an elongated spindle shape with a 
tendency to be arranged in neat and consistent directions.

Effects of different stretching times on the expression 
levels of integrin‑β1, and collagen I and III. To further 
study the effects of different stretching times on fibroblasts, 

Figure 2. Localization and expression level differences in type I and III collagen in vaginal wall tissues. (A) Immunofluorescence analysis of COL1A1 and 
COL3A1 expression in the control group and POP group (scale bar, 200 µm). (B) COL1A1 and COL3A1 relative intensity and mRNA expression. (C) COL1A1 
and COL3A1 protein immunoblotting and relative protein expression level analysis. **P<0.01 and ***P<0.001 vs. control group. COL1A1, collagen type I α1 
chain; COL3A1, collagen type III α1 chain; POP, pelvic organ prolapse.

Figure 3. Differences in the protein expression levels of integrin‑β1, TGF‑β1, MMP‑1 and TIMP‑1 in vaginal wall tissues. (A) Representative western blot 
images, and semi‑quantification of (B) integrin‑β1, (C) TGF‑β1, (D) MMP‑1 and (E) TIMP‑1 protein expression. *P<0.05, ***P<0.001 and ****P<0.0001 vs. 
control group. POP, pelvic organ prolapse; TIMP‑1, tissue inhibitor of metalloproteinase‑1.
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integrin‑β1, COL1A1 and COL3A1 protein levels before and 
after mechanical stretching for 6, 12 and 24 h were assessed 
(Fig. 7). Compared with those in non‑stretched cells (0 h), the 
protein expression levels of integrin‑β1 and COL3A1 were 
decreased in cells after stretching for 6 h, although not signifi‑
cantly, and collagen I expression was significantly decreased. 
However, the expression levels of COL1A1 and COL3A1 were 
significantly increased after stretching for 12 h. After 24 h, 
there was no significant difference in the expression levels 
of integrin‑β1, COL1A1 and COL3A1 compared with the 
unstretched group (0 h).

Annexin V‑FITC/PI assessment of changes in the apoptosis 
rate of fibroblasts. Analysis of flow cytometry results revealed 
that the apoptosis rate of fibroblasts increased with prolonged 
cyclic tensile stress loading deformation between 0 and 24 h 
(Fig. 8). In summary, there was a positive association between 
the apoptosis rate of fibroblasts and the mechanical loading 
and stretching time.

Western blot analysis of the protein expression levels of 
collagen, integrin‑β1, TGF‑β1, TIMP‑1 and MMP‑1 in 
different treatment groups. Western blot analysis revealed 
that, after applying 15% mechanical force for 12 h, integrin‑β1 
expression was increased compared with that in the control 
group (Fig. 9). Furthermore, the expression levels of TIMP‑1, 
COL1A1 and COL3A1 were increased, whereas the expres‑
sion levels of TGF‑β1 and MMP‑1 were decreased. Following 
addition of integrin‑β1 inhibitor, compared with the control 
group without addition of inhibitor, the expression levels of 
integrin‑β1, TGF‑β1, TIMP‑1, COL1A1 and COL3A1 were 
lower, whereas the expression levels of MMP‑1 were higher. In 

addition, when integrin inhibitors were added and mechanical 
force stimulation was applied at the same time, compared with 
those in the group in which only mechanical force was applied, 
the expression levels of TGF‑β1, COL1A1 and COL3A1 were 
lower, while the expression levels of MMP‑1 and TIMP‑1 
were higher. Following addition of integrin inhibitors and 
application of mechanical force stimulation compared with 
the normal control group, the expression levels COL1A1, 
MMP‑1 and TIMP‑1 were increased, the expression levels 
of integrin‑β1 and TGF‑β1 were decreased, and there was no 
significant change in COL3A1 expression.

Discussion

POP, which refers to the abnormal position and function of 
pelvic organs caused by weak pelvic floor support tissue, has 
a marked effect on the physical and mental health of women, 
leading to a reduction in the quality of life (29). The pelvic 
floor connective tissue, which is primarily composed of the 
ECM, including collagen, elastin and proteoglycans, serves 
a key role in the pelvic support structure (30). Collagen, the 
main component of the ECM (29), strongly influences the 
function of the pelvic floor connective tissue through its 
content and fiber arrangement. Additionally, vaginal smooth 
muscle bundles are responsible for vaginal muscle tone and 
contraction, and are closely associated with organ func‑
tion (31). Numerous studies have reported differences in the 
collagen content and proportion in the pelvic floor support 
tissues of patients with POP compared with individuals 
with other benign gynecological conditions who do not 
have POP (32,33). However, to the best of our knowledge, 
the exact changes in collagen are unclear. In the present 

Figure 4. Identification of primary fibroblasts. (A) Fourth‑passage fibroblasts under an inverted microscope. Scale bar, 200 µm (top) or 50 µm (bottom). 
(B) Cellular immunofluorescence staining. Red indicates positive expression of intermediate filament vimentin. Vimentin was localized mainly in the cyto‑
plasm in the form of a fine filament mesh. E‑cadherin and α‑SMA staining was negative. The cell nuclei were stained with DAPI (blue). Magnification, x20. 
Scale bar, 100 µm. α‑SMA, α‑smooth muscle actin.
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study, Masson's trichrome staining and EVG staining were 
used to examine the collagen fiber structure of the vaginal 
wall tissues of patients with POP. The findings aligned with 
previous studies that discussed a looser and more disordered 
collagen fiber structure, along with multiple breaks in elastic 
fibers in patients with POP (34,35). These results suggest that 
reduced collagen and elastin contents, as well as the disrup‑
tion of the structural integrity of pelvic floor connective 
tissues were associated with POP. However, the molecular 
mechanisms underlying abnormal ECM metabolism in the 
pelvic floor connective tissues of patients with POP are not 
yet fully understood.

In addition to being influenced by age‑associated degen‑
eration, female pelvic floor tissues are influenced by various 
forces, such as gravity, pregnancy, childbirth, coughing and 
defecation (36). A study has confirmed that the biomechanical 
properties of cells in the pelvic floor support tissues of patients 
with POP are abnormal (37). This suggests that POP may result 
from a decrease in the biomechanical properties of pelvic 
floor support tissues (38). Cytoskeletal remodeling is a key 
process in which cells respond to mechanical stimulation (39). 
Integrins serve a key role in forming tension‑dependent 
connections between the ECM and the cytoskeleton; they are 
essential for converting mechanical forces into biochemical 

Figure 5. Effects of integrin‑β1 antagonist on fibroblast migration, apoptosis and protein expression. (A) Images of the cell scratch experiment and quantitative 
analysis. Scale bar, 200 µm. (B) Fibroblasts were stained using an annexin V‑FITC/PI staining kit and analyzed by flow cytometry. (C) Protein immunoblotting 
and relative protein expression levels. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. normal control group. COL1A1, collagen type I α1 chain; COL3A1, 
collagen type III α1 chain; GRGDNP, RGD peptide; NC, negative control; POP, pelvic organ prolapse.
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signals (40). Additionally, TGF‑β1 is important for regulating 
the conversion of ECM components (41); it promotes collagen 
synthesis and inhibits its degradation, thus maintaining the 

structure and function of the pelvic floor connective tissue. 
MMPs are enzymes that degrade ECM components, whereas 
TIMP‑1 specifically inhibits MMPs (22). TIMP‑1, a member 

Figure 6. Morphological changes in fibroblasts under 15% tensile stress for 0, 6, 12 and 24 h, as observed under an inverted phase contrast microscope. Scale 
bar, 100 µm.

Figure 7. Effects of different stretching times on the expression levels of integrin‑β1 and collagen I and III. (A) Representative protein immunoblots and 
(B) semi‑quantified expression levels of proteins. **P<0.01 vs. control (0 h) group. COL1A1, collagen type I α1 chain; COL3A1, collagen type III α1 chain; ns, 
not significant.
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of the TIMP family, is present in body fluids and tissues; it 
inhibits the binding of various MMPs to ECM components, 
thereby preventing the degradation of collagen and main‑
taining the balance of ECM components in normal connective 
tissue (42). Previous research has revealed that the signaling 
pathways mediated by integrins and TGF‑β receptors not 
only share some signaling molecules but also have synergistic 
effects and promote each other. For example, in fibrotic 
diseases, TGF‑β1 induces integrin expression, whereas inhib‑
iting integrin expression reduces TGF‑β1‑mediated collagen 
synthesis (43,44).

Studies have shown that female patients with POP exhibit 
decreased expression levels of COL1A1 in vaginal wall tissues, 
whereas the total amount of COL3A1 is increased (45‑47). In 
the present study, fibroblasts were from the lamina propria of 
the vaginal wall. In the POP group, COL1A1 and COL3A1 
protein levels were lower. However, one study found less 
COL1A1 but more COL3A1 in the muscular layer. This 
contradiction may be due to different sampling sites  (46). 
Additionally, the expression levels of integrin‑β1, TGF‑β1 and 
TIMP‑1 were decreased in the POP group compared with the 
control group, while the expression levels of MMP‑1 were 
increased; these differences were found to be statistically 
significant. It can be hypothesized that the reduced expression 
levels of integrin‑β1/TGF‑β1 in the pathogenesis of POP inhibit 
the activity of TIMP‑1, leading to a decrease in its inhibitory 
effect on MMP‑1 activity and the subsequent degradation of 

ECM proteins such as collagen. The loss of collagen weakens 
the supporting tissues of the pelvic floor  (48). To test this 
hypothesis, primary fibroblasts were extracted and treated with 
an integrin‑β1 inhibitor. The results revealed reduced migra‑
tion, an increased apoptosis rate, decreased expression levels 
of TGF‑β1, TIMP‑1, COL1A1 and COL3A1 and significantly 
increased expression levels of MMP‑1 compared with those in 
the normal control group (P<0.05).

To investigate whether mechanical force regulates ECM 
metabolism in pelvic floor connective tissues through the 
integrin‑β1‑mediated signaling pathway, in the present 
study, mechanical stimulation and a mechanical damage 
loading model of fibroblasts were established. Fibroblasts 
were subjected to mechanical forces with the same stretch 
amplitude and frequency but different durations. Over time, 
the fibroblasts gradually assumed an elongated spindle shape 
with a neat and consistent arrangement, while the apoptosis 
rate increased. Therefore, we hypothesized that mechanical 
stretch induces fibroblast apoptosis by damaging the actin 
cytoskeleton, a process that is associated with mechanical 
stretch‑induced actin cytoskeleton remodeling (49,50). At 12 h, 
the fibroblast cytoskeleton underwent mechanical stretching, 
resulting in an increase in the expression levels of integrin‑β1. 
Furthermore, there was an increase in the levels of TIMP‑1, 
COL1A1 and COL3A1, accompanied by a decrease in TGF‑β1 
and MMP‑1. Upon applying an inhibitor of integrin‑β1 and 
subjecting the cells to the same mechanical force stimulation, 
a comparison with cells treated with 15% stress in the absence 
of the inhibitor revealed a decrease in the expression levels of 
integrin‑β1, COL1A1 and COL3A1. Additionally, an increase 
in the expression levels of MMP‑1 and TIMP‑1 was observed, 
while no significant change in TGF‑β1 levels was noted. These 
findings indicated that mechanical force could influence 
the expression levels of integrin‑β1, which is located in the 
cytoskeleton, leading to aberrant cellular signal transduction 
and affecting the levels of TGF‑β1, TIMP‑1 and MMP‑1. 
Additionally, mechanical stimulation increased the apoptosis 
rate of fibroblasts. At the beginning of loading, the cytoskel‑
eton was destroyed by mechanical force, and the expression 
of type I collagen decreased, while type III collagen did not 
change significantly. With the extension of mechanical loading 
time, the expression of type I and type III collagen increased. 
Finally, when the mechanical stimulation exceeded a certain 
time (24 h), the cells appeared to adapt to the mechanical 
stimulation, and the expression of type I and type III collagen 
decreased. The results showed that under a certain range of 
mechanical stress, the synthetic function of fibroblasts was 
enhanced, the anabolism and catabolism of collagen were 
increased, and the extracellular matrix was remodeled.

In the present study, an integrin‑β1 inhibitor was used to 
examine the expression levels of TGF‑β1 and its downstream 
signaling molecules. To further investigate the interaction 
between integrin‑β1 and TGF‑β1, the expression levels of 
TGF‑β1 will be manipulated in future experiments, allowing 
the investigation of dynamic changes in integrin‑β1 and the 
corresponding alterations in ECM protein expression levels.

Additionally, the present study had limitations, particularly 
regarding the cell stress loading model, where only cyclic cell 
stretching was used. Given that the human body is influenced 
by gravitational forces, this periodic force does not adequately 

Figure 8. Flow cytometry was used to detect apoptotic cells in groups treated 
with 15% tensile stress for (A) 0, (B) 6, (C) 12 and (D) 24 h. (E) Quantification 
of the apoptosis rate. ***P<0.001 and ****P<0.0001 vs. control (0 h) group. ns, 
not significant.
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replicate the mechanical stresses experienced in  vivo. 
Consequently, future studies will compare fibroblast perfor‑
mance under continuous stretching versus cyclic stretching 
conditions to assess variations in ECM protein composi‑
tion. Furthermore, future efforts will focus on identifying 
the molecular targets regulated by the integrin‑β1/TGF‑β1 
signaling pathway to develop effective diagnostic markers or 
therapeutic interventions, thereby enhancing the clinical rele‑
vance of the present research. Due to challenges in recruiting 

and following up patients suffering from POP, the sample size 
in the present study was relatively small. In future studies, 
an increased sample size will be obtained using multi‑center 
collaborations to further validate and strengthen the findings.

In summary, the disruption of the structural integrity of 
pelvic floor connective tissues, including collagen and elastin, 
was closely associated with POP. The downregulation of 
integrin‑β1 expression may be associated with the occurrence 
and progression of POP. Integrin‑β1 served a role in fibroblast 

Figure 9. Western blot analysis of protein expression levels in different treatment groups. (A) Representative protein immunoblots and (B) semi‑quantified 
expression levels of proteins in cells under 15% tensile stress for 12 h. *P<0.05, **P<0.01 and ***P<0.001 vs. control group (15% force not applied and GRGDNP 
not applied). COL1A1, collagen type I α1 chain; COL3A1, collagen type III α1 chain; ns, not significant; GRGDNP, RGD peptide; TIMP‑1, tissue inhibitor of 
metalloproteinase‑1.
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migration, apoptosis and collagen synthesis. Mechanical 
force can activate the integrin‑β1/TGF‑β1‑mediated signaling 
pathway within 12 h, leading to increased collagen synthesis 
and contributing to the development of POP. The present study 
provides a theoretical foundation for further investigations 
into the pathogenesis of POP and offers novel targets and 
approaches for the prevention and treatment of POP.
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