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Abstract. The present study aimed to investigate damage 
to human parametrial ligament fibroblasts by detecting cell 
proliferation, cytoskeletal structure, cellular alterations and 
senescence. Uterosacral and cardinal ligaments were obtained 
from 10  patients with cervical intraepithelial neoplasia 
grade II‑III, who had received total vaginal hysterectomies, 
and fibroblasts were derived from this tissue. Fibroblasts were 
stretched using a four‑point bending system with a force of 0 
(control), 1,333 µ strain (1 mm) or 5,333 µ strain (4 mm) for 4 h. 
The present study revealed that mechanical force significantly 
reduced cell proliferation and increased cell senescence. As 
mechanical force increased, the mitochondria of fibroblasts 
began to exhibit vacuolization, and the cell cytoskeleton 
began to depolymerize and rearrange. In conclusion, the 
present study demonstrated that mechanical forces within 
a certain range may induce cell damage via mitochondrial 
injury, cytoskeletal alterations and increased cell senescence, 
resulting in decreased cell viability of pelvic fibroblasts.

Introduction

Pelvic organ prolapse (POP) is a common form of female 
pelvic floor dysfunction. Pregnancy, childbirth, obesity and 
constipation, which may lead to the increase of abdominal 
pressure, are considered to be important risk factors for 
POP (1‑4); mechanics serve a vital role in the incidence of 
POP. Further studies suggest that the occurrence of POP may 
be associated with an imbalance of the oxidation‑reduction 
equilibrium in vivo (5,6). Our previous study demonstrated 
that the expression levels of antioxidant enzymes in the pelvic 
tissues of patients with POP was significantly decreased, 
which indicates that oxidative stress is closely associated with 

the occurrence of POP (7). In addition, this study revealed that 
a specific range of mechanical forces may cause an increase in 
reactive oxygen species (ROS) in human parametrial ligament 
fibroblasts (HPLFs) (8). Therefore, it was hypothesized that 
mechanical forces may damage cells by inducing oxidative 
stress, furthering the development of POP.

The activity and proliferation of cells, which reduce 
when cells are subjected to external injury, is an important 
indicator of the cell state (9). While suffering from external 
damage, the cytoskeleton may depolymerize and rearrange to 
adapt to external stimuli (10). In cells, the mitochondria are 
the primary production site of active oxygen, and therefore 
exhibit the clearest damage upon increased oxidative stress. 
Furthermore, cellular senescence is a process consisting of the 
repair of DNA damage, mitochondrial energy metabolism and 
gene regulation (11). Therefore, the present study derived fibro-
blasts from female parametrial ligaments. Cell proliferation, 
cytoskeletal structure, mitochondrial morphology and cellular 
senescence were subsequently analyzed to investigate whether 
mechanical force may induce damage to the internal structure 
of the cell, and to examine the underlying mechanisms of the 
effects of mechanical stress on the occurrence of POP.

Materials and methods

Materials. A total of 10 patients with cervical intraepithelial 
neoplasia grades II‑III from June 2014‑June 2015 in Renmin 
Hospital of Wuhan University, who had received a total vaginal 
hysterectomy, were selected for the present study. Patients who 
had received estrin treatment within the past three months 
were excluded. Uterosacral ligaments and cardinal ligaments 
were obtained from patients following the receipt of informed 
consent. This study was approved by the Ethics Committee of 
Renmin Hospital of Wuhan University (Wuhan, China).

The present study employed a modified enzyme digestion 
method, as previously described (12) to obtain HPLFs. The 
tissue (0.5x0.5x0.2 cm) was placed into the Dulbecco's modi-
fied Eagle's medium (DMEM; Hangzhou Gino Biological 
Pharmaceutical Co., Ltd., Hangzhou, China) immediately 
following surgery, and was incubated at 4˚C within 30 min. 
The tissue was subsequently washed with phosphate‑buffered 
saline (PBS) containing 100 KU/ml penicillin G and 100 mg/ml 
streptomycin (Hangzhou Gino Biological Pharmaceutical Co., 
Ltd.), and sectioned into small pieces. Following this, it 
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was digested with 1% collagenase‑I (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) for 3 h at 37˚C 
in 5% CO2, followed by further digestion with 0.25% trypsin 
(Sigma‑Aldrich; Merck Millipore, Darmstadt, Germany) for 
5 min. Fetal bovine serum (FBS; 2 ml; Gibco; Thermo Fisher 
Scientific, Inc.) was used to terminate digestion. DMEM 
containing 15% FBS was slowly added to the culture flask. 
The medium was replaced every two days and the primary 
HPLF cells were cultured. Cells at passage 2‑3 were consid-
ered to be relatively pure; these primary cells were identified 
as fibroblasts in our previous study (13). HPLFs at passage 4‑7 
were used for subsequent experiments.

Mechanical tensile strain. Fibroblasts were loaded with 
mechanical strain using a four‑point bending device (Chengdu 
Miracle Technology Co., Ltd., Chengdu, China), which was 
divided into three parts: Mechanical power systems, a host 
computer and a strain‑loading dish. The deformation displace-
ment, loading frequency and loading time were set via the host 
computer. An engine was used to generate a mechanical force, 
which exerted strain onto Petri‑dishes containing cells via a 
stamping motion. Once the Petri‑dish was buckled, a corre-
sponding force was exerted on the cells in the Petri‑dish.

Fibroblasts at passage 4‑7 were subjected to the loading 
strain. Cells were digested with 0.25% trypsin plus EDTA 
(Sigma‑Aldrich; Merck Millipore). DMEM containing 15% 
FBS was subsequently added to the cell pellet, following 
centrifugation (200 x g at room temperature for 8 min), to obtain 
the cell suspension. The cell suspension (1.5‑2x105 cells/ml, 
1.5 ml) was evenly spread onto the rat tail collagen‑precoated 
culture plate (Sigma‑Aldrich; Merck Millipore), which was 
incubated in 5% CO2 at 37˚C for 24 h. Following this, the 
adherence of cells was observed. Once the cell volume was 
~80% of whole culture plate, cells were transferred to a 
strain‑loading dish for mechanical strain testing.

Parameters were set to a frequency of 0.1 Hz and a duration 
of 4 h, and cells were subjected to strains of 0 mm (control 
group samples), 1,333 µ (1 mm) or 5,333 µ (4 mm). Except the 
degree of mechanical tensile strain, all cells received equal 
treatment under identical environmental conditions.

Cell proliferation analysis. Following mechanical strain, cells 
were washed with PBS two to three times, wiping the edge of 
the plate. Cells were digested with 0.25% trypsin plus EDTA, 
and DMEM containing 15% FBS was added to the cell pellet 
following centrifugation (200 x g at room temperature for 
8 min) to obtain the cell suspension, which was adjusted to  
2 million cells/ml. The cell suspension (100 µl/well) was pipetted 
into a 96‑well plate and subsequently incubated in 5% CO2 at 
37˚C for 12‑24 h. Following this, Cell Counting kit‑8 (CCK‑8) 
solution (10  µl/well; Beyotime Institute of Biotechnology, 
Shanghai, China) was added to each well and incubated in 5% 
CO2 at 37˚C for ~2 h. Finally, the optical density was measured 
at a wavelength of 450 nm using a microplate reader (Victor 3; 
Perkin-Elmer, Waltham, MA, USA).

Immunofluorescence imaging. Following mechanical stress, 
cells were washed with PBS and digested with 0.25% 
trypsin plus EDTA. DMEM containing 15% FBS was added 
to the cell pellet following centrifugation (200 x g at room 

temperature for 8 min) to obtain the cell suspension. The 
cell suspension (1 ml) was seeded into a 24‑well plate at the 
density of 1.5x105 cells/ml and incubated for 8 h in 5% CO2 
at 37˚C. Following this, cells were washed three times with 
PBS. Paraformaldehyde phosphate buffer (Wuhan Servicebio 
Technology Co., Ltd., Wuhan, China) was subsequently used 
to fix cells. Cells were again washed three times with PBS, for 
5 min each time. Phalloidin (Wuhan Servicebio Technology 
Co., Ltd.) was diluted to a concentration of 5 µg/ml using 1% 
bovine serum albumin (Wuhan Servicebio Technology Co., 
Ltd.), added to each well (100 µl/well) and plates were incu-
bated for 30 min at room temperature. Following this, cells 
were washed three times with PBS. DAPI (5 µg/ml, 100 µl/well) 
was subsequently added to each well and incubated for 5 min 
at room temperature for nuclear staining. Cells were again 
washed three times with PBS, and a 2.5% glycerol mounting 
medium was added. Cell cytoskeletons were imaged using 
a fluorescence microscope (CKX31; Olympus Corporation, 
Tokyo, Japan).

Mitochondrial morphology observation. Primary cultured 
cells (passage 4‑7) were seeded into three plates precoated 
with rat tail collagen (Sigma‑Aldrich; Merck Millipore), and 
incubated at 5% CO2 and 37˚C for ~24 h. Cells were subjected 
to a force of 0 mm (control group samples), 1,333 µ (1 mm) or 
5,333 µ (4 mm) at a fixed frequency of 0.1 Hz for 4 h. Following 
this, cells were washed with PBS and transferred into a 
clean dish for treatment. A mixture of 2.5% glutaraldehyde 
(Servicebio of Technology) and DMEM (ratio, 1:1; 2 ml) was 
added to cells for 2 min. Cells were subsequently centrifuged 
at 157 x g for 8 min at room temperature. The supernatant was 
discarded and 2.5% glutaraldehyde solution (2 ml) was added 
to the cell pellet for fixation.

Following this, PBS was used to wash the cells and 1% 
osmium tetroxide (Wuhan Servicebio Technology Co., Ltd.) 
was added for fixation. Cells were dehydrated in ethanol and 
embedded in epoxy resin (Wuhan Servicebio Technology Co., 
Ltd.) for sectioning. Sections were stained with lead citrate and 
uranyl acetate. Alterations in mitochondrial morphology were 
imaged (magnification, x5,000) using a Hitachi transmission 
electron microscope (HT7700; Hitachi, Ltd., Tokyo, Japan).

Cell senescence. Cell senescence was assessed using 
the Senescence β‑Galactosidase Staining kit (Beyotime 
Institute of Biotechnology). Following mechanical strain, 
cells were washed with PBS and transferred to a clean dish. 
β‑galactosidase dye fixing solution (1 ml) was added to cells 
for 15 min at room temperature. Following this, cells were 
washed three times with PBS, and 1 ml working fluid dye (10 µl 
β‑galactosidase staining solution A, 10 µl β‑galactosidase 
staining solution B, 930 µl β‑galactosidase staining solution C 
and 50 µl X‑Gal solution) was added. Cells were incubated 
at 37˚C overnight. Images were obtained using a light micro-
scope (BX51, Olympus Corporation, Tokyo, Japan).

Statistical analysis. Statistical analyses were performed 
using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA), and data are 
presented here as the mean ± SD, and groups were compared 
using one‑way analysis of variance. Differences between two 
groups were determined using Student's t‑test, and multiple 
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comparison tests were performed using Tukey's test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Primary culture and identification of HPLFs. A previous 
study by this group identified primary cultured HPLFs as 
fibroblasts by immunohistochemical staining (13). The purity 
of fibroblasts may reach >90% at passage 2‑3. The fibro-
blasts primarily appeared to possess long spindles and were 
closely connected when observed by light microscopy. Under 
mechanical stress conditions, cell morphology was altered and 
cell connections appeared weakened (8).

Mechanical stress reduces cell viability. The present study 
used CCK‑8 to detect the activity and proliferation of fibro-
blasts. Cell viability decreased when subjected to mechanical 
force (Fig. 1). The optical density values following exposure to 
strains of 0, 1,333 or 5,333 µ were 1.112±0.12, 0.88±0.09 and 
0.46±0.02, respectively. The 1,333 and 5,333 µ groups demon-
strated significantly reduced cell viability compared with the 
control group (P=0.02 and P=0.000089, respectively; Fig. 1). 
In addition, cell viability was reduced in the 5,333 µ group 
compared with the 1,333 µ group (P=0.001; Fig. 1), indicating 
that cell viability decreased with increasing mechanical force.

Mechanical stress causes cytoskeleton rearrangement. In the 
control group, cells typically possessed long spindles, close 
connections to each other and uniformly distributed green 
fluorescence (Fig. 2, top row). Following mechanical stress 
loading of 1,333 (Fig. 2, middle row) or 5,333 µ (Fig. 2, bottom 
row), the cells demonstrated a weaker green fluorescence 
signal, sparser, thinner and maldistributed fasciculi, and a 
shrunken cell morphology. The cell cytoskeleton revealed 
depolymerization and rearrangement as mechanical stress 
increased, and cells subjected to the greatest strain (5,333 µ) 
demonstrated a more disordered structure.

Mechanical stress alters mitochondrial morphology. The elec-
tron microscopy images revealed that mechanical force caused 
vacuolization of the fibroblast mitochondria (Fig. 3). Compared 
with the control group, the 1,333  µ group demonstrated 
disappearance of mitochondrial crista and the appearance of 
mitochondrial vacuoles (Fig. 3B). When the mechanical stress 
increased to 5,333 µ, the complete structure of the cell was 
destroyed, and apoptotic bodies were observed (Fig. 3C).

Mechanical stress increases cell senescence. The present 
study used the β‑Galactosidase Staining kit to detect the 
cell senescence of fibroblasts. Blue staining indicated cell 
senescence, with the number of stained cells increasing as the 
mechanical force increased (Fig. 4A‑C). Cells were imaged 
using a light microscope (magnification, x40) and the number 
of senescent cells/300 cells was counted and the percentage 
calculated. The senescent cell percentages following exposure 
to strains of 0, 1333 and 5,333 µ were 32.41±4.17, 43.89±3.47 
and 53.14±2.85%, respectively (Fig. 4D). The percentage of 
senescent cells therefore increased with increasing mechanical 
force. The 1,333 and 5,333 µ groups demonstrated greater cell 
senescence compared with the control group (P=0.0017 and 

P=0.001, respectively; Fig. 4D). In addition, there was a signifi-
cantly greater percentage of senescent cells in the 5,333 µ 
group compared with the 1,333 µ group (P=0.042; Fig. 4D).

Discussion

POP is a common disease in middle‑aged and elderly women, 
which may seriously affect the physical health, mental 

Figure 1. Mechanical stress reduces the viability of human parametrial 
ligament fibroblasts. Cell viability was detected by Cell Counting Kit‑8 and 
analyzed via the optical density value. Compared with the control group, the 
cell viability of the 1,333 and 5,333 µ groups were significantly decreased. 
Data are represented as the mean  ±  standard deviation (n=3). *P<0.05; 
**P<0.01.

Figure 2. Mechanical stress causes cytoskeletal rearrangement in human 
parametrial ligament fibroblasts. Fluorescence microscopy was used to visu-
alise the cytoskeleton using phalloidin staining, and the nucleus with DAPI 
staining. Compared with the control group, the 1,333 and 5,333 µ groups 
revealed depolymerization and rearrangement of the cell cytoskeleton. 
Original magnification, x400.
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wellbeing and quality of life of patients (14). The human para-
metrial ligament is the primary ligament used to maintain the 
normal position of the uterus, with the tissue comprising of 
cells and the extracellular matrix. A decrease in the mechanical 
properties of the human parametrial ligament may lead to POP. 
HPLFs respond to mechanical stimulation by synthesizing 
and secreting fluid into the extracellular matrix. Therefore, the 
present study examined cytomechanics by subjecting cells to 
external mechanical loading to simulate the internal environ-
ment. Whether mechanical stress influences cell proliferation, 

the cytoskeleton, mitochondrial alterations and cell senes-
cence in HPLFs was investigated by inducing oxidative stress, 
a factor hypothesized to contribute to the development of POP. 
Based on our previous findings, the parameters of mechanical 
strain loading were set to a frequency of 0.1 Hz for 4 h, and 
cells were subjected to strains of 0 mm, 1,333 µ (1 mm) and 
5,333 µ (4 mm), to investigate the effect of mechanical force 
on cell injury.

Cell proliferation ability following mechanical loading was 
detected using a microplate reader at a wavelength of 450 nm, 

Figure 4. Mechanical stress increases the cell senescence of human parametrial ligament fibroblasts. (A) Control, (B) 1,333 µ and (C) 5,333 µ groups were 
imaged using a light microscope (magnification, x40). Deep blue staining indicated senescent cells. (D) The percentage of cell senescence was quantitatively 
analyzed. Compared with the control group, there was a significant increase in the percentage of senescent cells in the 1,333 and 5,333 µ strain groups. This 
effect was more marked in the 5,333 µ strain group. Data are presented as the mean ± standard deviation (n=3). *P<0.05; **P<0.01.

Figure 3. Mechanical stress alters mitochondrial morphology in human parametrial ligament fibroblasts. (A) Control, (B) 1,333 µ and (C) 5,333 µ groups were 
imaged using a transmission electron microscope. Magnification, x500. The white arrowheads indicate (A) normal mitochondria, (B) mitochondrial vacuoles 
and (C) apoptotic bodies.
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which indicates the number of living cells. The present study 
demonstrated that cell viability decreased as mechanical force 
increased. As cell viability is an important indicator of the 
cellular state, this indicated that the mechanical force was 
damaging to HPLFs. In addition, cytoskeletal alterations were 
detected by immunofluorescence imaging, using phalloidin 
staining. The cytoskeleton is important for maintaining cell 
morphology, and consists of microtubules, microfilaments and 
intermediate filaments. Microfilaments are spiral structures 
composed of actin subunits, which include F‑ and G‑actin, in 
dynamic equilibrium. Actin provides structural support to the 
cells and reacts to mechanical alterations in the surrounding 
environment. Lozupone et al (15) and Vico et al (16) revealed 
that cyclic environmental alterations may affect the structure 
and function of the cytoskeleton, including cytoskeletal reorga-
nization, cytoskeletal fracture, cell dysfunction and cell death. 
F‑actin is an important component of the cytoskeleton, and 
its integrity is a key factor in determining cell function (17). 
The present study demonstrated that the cell cytoskeleton 
depolymerized and rearranged with increasing mechanical 
force, indicating that mechanical stress may lead to F‑actin 
damage in HPLFs.

Transmission electron microscopy was used to observe the 
intracellular structure and mitochondrial alterations in fibro-
blasts. These data demonstrated that mechanical loading may 
damage mitochondrial morphology. Particularly at 5,333 µ, 
the internal structure of HPLFs was destroyed and apoptotic 
bodies were observed. Mitochondria are the metabolic centers 
of eukaryotic cells, providing basic energy to numerous types 
of cellular activities. They are a key factor in determining 
cell survival and death, and serve an important role in the 
transduction and expansion of death signals (18). In addition, 
mitochondria are the primary production site of active oxygen, 
and exhibit the clearest alterations and damage when cells are 
suffering from oxidative stress injury. Furthermore, mitochon-
dria serve a vital role in the metabolism of free radicals, which 
are a further indication of cell oxidative stress. The present 
study revealed that an increase in mechanical force was asso-
ciated with greater damage to the mitochondria of fibroblasts, 
consistent with a previous study, which demonstrated that 
mechanical loading may lead to elevated levels of intracellular 
oxidative stress (13). Therefore, it may be hypothesized that 
increased mechanical force alters mitochondrial morphology 
and structure by increasing the level of oxidative stress, thus 
affecting the function of cells. In future studies, it may be 
useful to further investigate the oxidative stress model, to 
understand whether oxidative stress may lead to structural 
alterations in mitochondria.

The level of cell senescence was detected using the 
β‑galactosidase staining kit. It was revealed that the 
percentage of cell senescence increased as mechanical 
force increased. The underlying mechanisms of cellular 
senescence primarily include the external oxidative stress 
theory and the intrinsic gene regulation theory. When the 
body is in a state of oxidative stress, the high concentra-
tion of ROS may mediate cellular senescence by regulating 
associated pathways. Potential other pathways involved in 
oxidative stress‑induced cellular senescence include the 
DNA‑damage‑response, nuclear factor‑κB, mitogen‑activated 
protein kinase and microRNA pathways (19,20). Previous 

studies have indicated that alterations in mitochondrial 
structure and function are closely associated with cellular 
senescence  (21). Furthermore, mitochondrial respiratory 
function, free radical scavenging ability and mitochondrial 
DNA mutations may mediate cell senescence (22). Therefore, 
it was hypothesized that the increase in cellular senescence, 
induced by increasing mechanical force, may be a result of 
damage to mitochondrial structures in the cell.

In conclusion, the present study investigated the effect of 
mechanical force on HPLFs at the cellular level. It was demon-
strated that, with an increase of mechanical stress loading 
within a specific range, HPLFs began to exhibit indicators 
of damage, including decreased cell proliferation, increased 
cytoskeletal and mitochondrial injury, and increased cell 
senescence. These data provide a theoretical basis for further 
investigation into the underlying mechanisms of POP.
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