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Pelvic organ prolapse (POP) is a significant contributor to hysterectomy among
middle-aged and elderly women. However, there are challenges in terms of
dedicated pharmaceutical solutions and targeted interventions for POP. The
primary characteristics of POP include compromised mechanical properties
of uterine ligaments and dysfunction within the vaginal support structure,
often resulting from delivery-related injuries. Fibroblasts secrete extracellular
matrix, which, along with the cytoskeleton, forms the structural foundation
that ensures proper biomechanical function of the fascial system. This system
is crucial for maintaining the anatomical position of each pelvic floor organ.
By systematically exploring the roles and mechanisms of biomechanical-
biochemical transformations in POP, we can understand the impact of forces on
the injury and repair of these organs. A comprehensive analysis of the literature
revealed that the extracellular matrix produced by fibroblasts, as well as their
cytoskeleton, undergoes alterations in patient tissues and cellular models of POP.
Additionally, various signaling pathways, including TGF-p1/Smad, Gpx1, PI3K/
AKT, p38/MAPK, and Nr4al, are implicated in the biomechanical-biochemical
interplay of fibroblasts. This systematic review of the biomechanical-biochemical
interplay in fibroblasts in POP not only enhances our understanding of its
underlying causes but also establishes a theoretical foundation for future clinical
interventions.

KEYWORDS
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1 Introduction

Pelvic organ prolapse (POP) is a health problem for women in which the pelvic organs are
displaced inside or outside the vagina. This condition is caused by weakness of the pelvic floor
muscles or ligaments that results in herniation of the vagina and uterus and prolapse (1),
leading to bladder and sexual dysfunction (2). POP seriously affects women’s physical and
mental well-being and quality of life. Global burden of disease is relatively high, there were 13
million incident cases of POP in 2019, with an age-standardized incidence rate of 316.19 per
100,000 population at the global level (3). A large-scale population-based cross-sectional study
of adult women in China found that the symptomatic prevalence of POP was 9.6% (4) and the
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incidence approached 50% in middle-aged women, making POP one
of the leading causes of hysterectomy in middle-aged women. The
latest start of attention and research on POP has resulted in a lack of
understanding of its pathogenesis and a lack of development of
effective targeted drugs. Although many surgical treatments can
achieve ideal anatomical repositioning at the cost of uterine resection,
they still do not ensure functional recovery and symptomatic
improvements. Thus, the lifetime risk of undergoing surgery for
prolapse is 20% (5) and the rate of reoperation was 26.9% of Danish
women aged between 18 and 49 years of age at primary surgery (6).
The age groups with the highest incidence rates are also on a
downward trend (3).

The strongest risk factors for POP are pregnancy and vaginal
delivery (4, 7-9). A systematic review (7) showed that the incidence
of the first vaginal and forceps delivery contributed the most to POP. A
complete cesarean section protected against POP symptoms and
clinical symptoms, and there was no risk compared to that in
nulliparous women (9). Moreover, women with 1 child were 4 times
more likely and women with 2 children were 8.4 times more likely to
experience POP that required hospital admission (10). For these
reasons, vaginal delivery has been shown to be the most important
independent predisposing factor for POP. There have been some
theories suggesting that the processes of pregnancy and childbirth
releases tremendous abdominal pressure on the pelvic floor.
Additionally, it has been proposed that this force is amplified in cases
of multiple births and that persistent obesity can increase pressure on
the abdomen (11). Impaired mechanics of the uterosacral ligament
(USL) due to long-term forces is a key tissue in the pathogenesis of
POP (12). Level I support includes the USL complex, which extends
from the cervix to the sides of the uterus where it connects to the
sacral surface; the USL plays a crucial role in supporting the uterus
and vagina (13, 14). However, the structural integrity of the USL can
be compromised over time due to repeated stretching caused by
factors such as pregnancy and standing postures. This weakening of
the ligament can ultimately result in clinical prolapse. In addition, the
vagina is extremely important to the pelvic floor and serves as an
important support structure for the pelvic floor. Overall, numerous
studies have shown that the USL and anterior vaginal wall undergo
biomechanical stimuli, which activat signal pathways through a series
of biochemical reactions, induce structural damage of connective
tissues, leading to dysfunction. The ultimate expression is a decrease
in the quality of mechanical rigidity and stiffness as well as pelvic floor
dysfunction, leading to the occurrence of POP. Thus, understanding
the molecular mechanisms of biomechanical and biochemical
coupling in fibroblasts, which are the basic components of POP, is
important for the prevention and treatment of POP.

2 POP and biomechanics
2.1 POP biomechanical features

The pelvic floor consists of highly supportive connective tissues,
all of which are viscoelastic materials and whose mechanical
properties are critical to the pelvic floor as a whole. In 2002 (15), a
study reported an increase in the modulus of elasticity of the anterior
vaginal wall in postmenopausal compared to premenopausal POP
patients for the first time, identifying an increase in strain and a

Frontiers in Medicine

10.3389/fmed.2024.1303044

decrease in stiffness in response to the same force in menopausal
POP. This finding indicates decreased vaginal elasticity, which is
possibly related to aging. However, a case—control study showed that
the vaginal wall elastic modulus increased significantly in
postmenopausal women, which affirmed that vaginal tissue is less
elastic, and stiffness increased in POP group. Ultimately, decreased
elasticity leads to decreased mechanical properties of the vaginal wall
even though controlling for confounders such as age, body mass index
and parity (16). These studies suggest that a reduction in pelvic
biomechanical performance is a direct cause of POP. Additionally, the
normal USL has been shown to support more than 17kg (17) in
mechanical experiments in vitro. In contrast, the flexibility of the USL
was significantly reduced by a factor of 4 in patients with POP (18),
and there was significant thinning during transvaginal delivery,
weakened tissue mechanics, and reduced elasticity leading to the
development of POP. The decrease in tissue biomechanical properties
and dysfunction are closely related to the fate of the pelvic floor, and
histological observations indicate that prolapse induces atrophy of the
muscularis. Pathologic findings show that prolapse induces a decrease
in each layer of the vaginal wall and atrophy of the muscularis propria
(19). Fibroblasts produce extracellular matrix (ECM) and are the
major cells in the pelvic floor. The ECM is a complex structure
primarily composed of collagen and elastin fibers. It plays a crucial
role in providing the pelvic floor with the necessary tensile strength
and resistance against external forces. Additionally, the ECM connects
the supportive tissues, facilitating the transmission and distribution of
these external forces throughout the pelvic floor (20). Proteomics and
transcriptomics show that the USL is continuously remodeled through
a decrease in collagen synthesis and an increase in collagen type
I (COL1) and type III (COL3) degradation in POP patients, which
changes the microenvironment of tissue mechanics (21). Current
research indicates that dysfunction of ECM in vaginal wall and USL
decreases biomechanics, which is a major factor in POP.

2.2 Structural basis of biomechanics in POP

The phenotypic alterations observed in prolapsed tissue at the
macroscopic level in vivo are indicative of underlying cellular changes,
which can be attributed to increased mechanical stretching.
Fibroblasts, the primary cellular component of the pelvic floor, exhibit
modified cellular attributes in vitro, which influences their dynamic
response to external mechanical stimuli. The ECM is critical for
matrix mechanics and sensing cell stiffness. Lysyl oxidase (LOX), lysyl
oxidase-like 1-4 (LOXL 1-4), a disintegrin-like and metalloproteinase
with thrombospondin type 1 motifs 2 (ADAMTS2), and bone
morphogenetic protein 1 (BMP1) play crucial roles in maintaining
collagen stability and facilitating the formation of procollagen (22).
Studies have demonstrated that human vaginal fibroblasts (HVFs)
obtained from POP patients exhibit upregulated matrix
metalloproteinases 3 and 7 (MMP3, MMP7), which facilitate collagen
degradation and downregulate the genes responsible for collagen and
elastin fiber synthesis and maturation (LOX, LOXL1-LOXL3, BMP1,
and ADAMTS2) (23). Consequently, this leads to a reduction in
collagen synthesis and production within the pelvic floor tissue of
women with POP. Furthermore, significant differences were observed
in the cell-matrix adhesion molecules LAMB1 and LAMB3 (basement
membrane) (23). The adhesion of POP-HVFs to the ECM was
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decreased, resulting in impaired tissue morphology at the
microstructural level. In terms of cellular morphology, a separate
study revealed severe disruption of fibroblast cytoskeletal actin
filaments in fibroblasts from POP patients, suggesting a close
association between abnormalities in this cellular support protein and
external mechanical stretching (24). Besides, increasing evidence
suggests that the vaginal microbiome and the immune system are
closely linked to maintain a healthy vaginal environment and lower
genitourinary health (25). That equally worthy of researchers’
attention.

3 Biomechanical-biochemical
coupling of fibroblasts in POP

3.1 Cell-mediated biochemical remodeling
of the ECM

Lietal. (19) demonstrated that fibroblasts were the most abundant
cells in the vaginal wall, and these cells make up an impressive 55.49%
of the vaginal wall. Consistent with previous studies, fibroblasts
secrete and synthesize ECM and are regulated by several factors to
maintain the structural integrity and functionality of the pelvic organ.
(1) ECM homeostasis is dependent on the expression level of MMPs,
a highly conserved family of endonuclease hydrolases that degrade
ECM proteins and the pericellular microenvironment, including
collagen, elastin, and laminin. Notably, vaginal wall ECM is enriched
in COLI and COL3 to support the vaginal wall; collagen type
I provides strength to the tissue, while COL3 provides elasticity.
Multiple studies have shown that MMPs (MMP1-2, MMP8-10) are
significantly increase in the HVFs of patients or healthy vaginas after
stress stretching (26-29). This increase leads to a noticeable reduction
in the levels of COL1 and COL3, which are essential components of
the ECM. Notably, MMP2 and MMP9 have been extensively studied
and consistently found to be highly expressed in pelvic floor tissues
due to their pivotal role as primary proteases that negatively regulate
the ECM. (2) Additionally, ECM homeostasis is dependent on the
expression of metalloproteinase inhibitors. Tissue inhibitors of
metalloproteinases (TIMPs) are endogenous inhibitors of MMPs,
which are enzymes that play central roles in the degradation of ECM
components. Among them, TIMP2 can directly bind to MMP2 and is
expressed at 10-fold higher levels than TIMP1 and TIMP3 (30, 31).
Intriguingly, in the context of mechanical stretching, the expression of
MMPs and the enzymatic activity of MMP2 were significantly
increased in the HVFs of patients with POP. Conversely, the expression
of TIMP2, which is a collagen inhibitor, was downregulated in
comparison to that in healthy individuals with normal vaginal
function (28). This downregulation of TIMP2 can have profound
consequences on the anterior vaginal wall. When TIMP2 is inhibited,
the degradation of ECM becomes less restrained. Consequently,
collagen and adhesion proteins secreted by fibroblasts undergo rapid
degradation, leading to the disruption of the delicate balance between
the ECM and subsequent remodeling. The findings suggest a potential
mechanism by which the excessive degradation of ECM components
contributes to the development and progression of POP. It was also
interesting that POP fibroblasts were more sensitive to mechanical
forces and expressed higher levels of ECM-related regulatory proteins.
The implication is that abnormal mechanical stress leads to the
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ECM
reprogramming, leading to pelvic floor laxity. (3) Estrogen regulates

dysregulation of ECM homeostasis and promotes
ECM expression and components. A study by Zong et al. confirmed
the increased mechanical sensitivity of POP-HVFs to 1Hz cyclic
loading for 72h, increased induction of collagenase activity, and
increased collagen degradation with increasing mechanical stretch
force. Interestingly, estrogen only had a minimal inhibitory effect on
mechanical damage (32). Thus, a decrease in estrogen accelerates
mechanical damage, which may explain the clinical prevalence of POP
in postmenopausal women. In 2018, poststretch estrogen intervention
upregulated COLI in normal and POP cells, and the mechanical
properties were consistent with the transcription of COL1, while
COL3 remained unchanged, indicating an increase in tensile strength,
which in turn affected the structure and function of COL1 in response
to tensile loading, ultimately leading to abnormalities in the
composition of the pelvic support connective tissue (29). (4) Other
molecules, such as small proteoglycans are involved in POP. Decorin
(DCN) and fibromodulin (FMO) are members of the small leucine-
rich proteoglycan (SLRP) family that bind to different cell surface
receptors and other ECM components to regulate the assembly of
cellular collagen microfibrils. Recent studies have shown that the
expression of DCN and FMO is downregulated in stretched
POP-HVFs (29). According to Kufaishi et al. (29), the reduced
expression of the enzymes LOX, LOXL1-2, and BMP1 was a result of
exposure to mechanical stretch. This exposure led to a decrease in the
cross-linking of collagen and elastin polymers, ultimately resulting in
the weakening of connective tissue (28). However, it has been found
that the ECM also influences cellular behavior, and the interaction
between the two factors is complex (27). Dynamic reciprocity between
the cell and its associated matrix is essential for maintaining tissue
homeostasis and the dysregulation of ECM mechanical signaling.
POP-HVFs were seeded in 6-well plates covered with type 1 collagen
and cellular mechanical stimulation is subsequently loaded. The
results found that with the increase of mechanical force, the effect of
cellular mechanical response weakened. Then, HVFs delayed collagen
contraction and downregulated MMP2 expression. Inversely, in
noncoated collagen POP-HVFs, the gene expression of MMP2 and
TIMP2 was upregulated, and the ECM was reduced. The functional
characteristics of noncoated collagen POP-HVFs are mainly
determined by the cellular surface matrix, indicating that the
interaction between POP-HVFs and the matrix is compromised,
leading to the inability of fibroblasts to respond promptly to
mechanical stress signals.

Second, integrins (ITGs) are adhesion molecules that mediate the
connection between the intracellular and extracellular matrix (28).
These factors are crucial signaling molecules associated with
mechanical and biological signal transduction. The extracellular
domain of ITGs can recognize peptides containing the RGD
(Arg-Gly-Asp) sequence within the ECM and bind to them, while the
cytoplasmic domain of ITGs can connect to the cellular cytoskeleton
through linker proteins. The signals generated by the ECM are
received by ITGs, and ITG clustering occurs in response to binding to
the ECM, thereby initiating intracellular signaling. In mechanically
stretched healthy HVFs, the transcription levels of ITGs (ITGA1,
ITGA4, ITGAYV, and ITGB1) and matrix metalloproteinases (MMP2,
MMP8, MMP13) are downregulated, leading to reduced ECM
degradation. In stretched POP- HVFs, MMP1, MMP3, MMP10,
ADAMTSS, ADAMTSI13, TIMP1-3, ITGs (ITGA2, ITGA4, ITGA6,
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ITGB1), contactin 1 (CNTN1), cadherin A1, cadherin B1, and laminin
(LN) were significantly upregulated, while COLs (1, 4-6, 11, 12) and
LOXLI1 were downregulated. The downregulation of LOX inhibits the
promoter activity of COL3A1, leading to impaired collagen synthesis.

These factors lead to an increase in ECM degradation and a
decrease in collagen synthesis (see Table 1 and Figure 1). Clearly,
biomechanical forces, which are risk factors, disrupt the mechanical-
chemical microenvironment of POP-HVFs, particularly ECM
components and cell-ECM interactions, ultimately resulting in the
differential responses of fibroblasts to exogenous mechanical
stretching. This weakens the support of pelvic organs and leads to the
subsequent development of POP. Fibroblast mechanoreceptor damage
promotes POP. Moreover, other studies have demonstrated that cells
sense the physical properties of the ECM and activate a mitochondrial
stress response (44).

3.2 Mechanobiology mediates cellular
remodeling

Mechanical forces activate proteins associated with reconstructing
the cytoskeleton in fibroblasts (see Table 1 and Figure 1). The
cytoskeleton, which is the largest cellular mechanosensor, serves as the
primary mechanism for transmitting mechanical stimuli from the
extracellular space to the intracellular compartment. Ruiz-Zapata
showed that the cytoskeleton aligns perpendicularly to the force after
mechanical stimulation and that the cell reacts to mechanical
stimulation by rearranging its F-actin cytoskeleton (26). F-actin is the
main skeletal structure that plays an important role in helping the cell
withstand external tension and stress. The changes in F-actin in
POP-related fibroblasts are evident. Wang et al. showed that under
static culture conditions, POP-HVFs exhibited less cell roundness and
higher relative fluorescence intensities (RFIs) of cytoskeletal proteins
(F-actin, a-tubulin, and waveform protein). However, after stretching,
the RFI of the cytoskeleton increased in the normal group, whereas
the POP group exhibited a decrease in the RFI of F-actin (33). Thus,
the cytoskeleton is remodeled in response to mechanical forces.
Similarly, human USL fibroblasts (WUSLFs) not only regulate cellular
morphology but also modulate cellular mechanical functions in
response to mechanical forces. Among hUSLFs, POP-hUSLFs exhibit
larger and longer morphologies, and mechanical stretching results in
the dissolution of cytoskeletal proteins. The cytoskeleton undergoes
continuous deconstruction and remodeling, which is the first step in
mechanical signaling (38). Another study provided the opposite
evidence: the mechanical force applied to healthy hUSLFs induces a
POP-like change in morphology (43). In the second step, mechanical
stretching upregulates genes related to cytoskeletal proteins to regulate
cell morphology, including signal-induced proliferation-associated
protein 1 (SIPA-1), tumor necrosis factor receptor-associated death
domain protein (TRADD), and DNase 1-L1 protein, thereby
inhibiting cytoskeletal remodeling, preventing adhesion, and
inhibiting actin polymerization. Moreover, MMP20 transcription is
upregulated (34). Furthermore, biomechanical force mediates the
functional defects in fibroblast through the cellular cytoskeleton,
leading to a reduction in mechanical tolerance (33). After the
application of mechanical forces, transmission electron microscopy
revealed that the polymers in POP-HVFs were stretched strips and
fractured mesh. Compared with that of healthy HVFs, the mechanical
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tolerance of cells was severely degraded (29). Contrary to Wang et al.,
Zhu et al. discovered that other POP fibroblasts have thicker F-actin
stress fibers (43). However, these thickened F-actin stress fibers may
put cells in a subtension state, resulting in reduced cell contractility
and decreased responsiveness to external stimuli. Additionally, in
comparison to those in the normal group, the mRNA levels of type
I and III collagen were reduced in stretched POP-HVFs, indicating
weakened tissue stiffness and elasticity, decreased biological resilience,
and functional defects in fibroblasts. Finally, the cytoskeleton interacts
with intracellular proteins and mediates the expression of chemical
signals that regulate the ECM response and participate in the
functional remodeling of the cell. After excessive mechanical
stretching, POP fibroblasts showed downregulated mRNA and protein
expression of COL1, COL3, TIMP, elastin and upregulated expression
of MMPs, leading to reduced ECM synthesis and a decrease in tissue
mechanical properties (40, 41). Similar results have been found in
other studies, including the downregulated expression of COLI and
COL3 and upregulated expression of MMPs (43). However,
mechanical forces are not just about collagen destruction. In a study
of the USL, moderate stress could contribute to pelvic floor collagen
synthesis, and too much or too little stress is not conducive to the
synthesis of collagen. For example, hUSLFs upregulated COL1 and
COLS3 expression in response to 8% stress. Interestingly, the effects of
COL1 and COL3 on the stress response may be different; the former
has a faster reaction than the latter (36). This means that there is still
much research to be done on the mechanistic effects on fibroblasts
and tissues.

4 Impact of
biomechanical-biochemical coupling
on fibroblast function

4.1 Biomechanical induction leads to
alterations in the mitochondrial function of
fibroblasts

Previous studies have shown that caspase 3 and 9 expression is
significantly elevated in the USLs of POP patients, and cytochrome C
is released from mitochondria as an upstream activator of caspase 3,
which triggers a cellular cascade that leads to cell death, confirming
that mitochondrial function is altered and associated with POP (45).
Mitochondria play a crucial role in maintaining cellular homeostasis
and energy metabolism but are susceptible to damage due to
mechanical forces. A normal mitochondrial membrane potential
(A¥m) indicates mitochondrial health, and a decrease in potential is
a hallmark of early apoptosis in cells. HONG et al. demonstrated that
when healthy hUSLFs were subjected to 5,333 p of mechanical
stretching, mechanical stress decreased the A¥m and induced
significant levels of apoptosis in the cells (46). The decrease in A¥m
activates the mitochondrial apoptotic pathway, leading to cell death.
Additionally, mitochondria play a crucial role as regulators of
metabolism and are vital for maintaining cell growth and survival. Hu
et al. (38) observed that after 4h of mechanical stress on hUSLFs, cell
proliferation decreased significantly, and mitochondrial vacuolization
and altered mitochondrial morphology were observed. Furthermore,
as mechanical stress increased to a certain level, the cellular structure
was disrupted (38). Moreover, mitochondrial dysfunction may initiate
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TABLE 1 Association between mechanical stretch and ECM expression in pelvic fibroblasts.

No Years Caell Stretch Parameter Method Control POP
Results Results
Cyclically biaxially Collagenase
1 2010 (32) HVF 72h at 8% or 16% and 1 Hz 1 1:Collagenase activity 2 1L, 11T 1:Collagenase activity
stretched activity assay
2 2013 (26) HVF Cyclic mechanical 48h at 10% and 0.2 Hz WB ; RT-qPCR 1 1:MMP (2, 9)/COL1 2 IL IV 1:COLs (1, 3)
3 2014 (27) HVF Cyclic mechanical 48h at 10% and 0.2Hz WB ; RT-qPCR 8 1:MMP14/TIMP1 10 1L 1IL IV 1:MMP (2, 14)/TIMP (1, 2)
4 2015(33) HVF Cyclic mechanical 12h at 10% and 0.1 Hz IF 5 1:F-actin 10 11, IV J:F-actin
Human ECM and
1:MMP (1, 3, 10)/ ADAMTS (8, 13)/TIMP (1, 2,
Adhesion
3)/ITGs (A2, A4, A6, B1)/ CNTN1/ catenins (A1,
5 2016 (28) | HVF Mechanical 24h at 10% Molecules PCR 7 LITGsl (AL, A4, AV, B1)/MMP (2,8,13) 8 1L IV
B1)/LNs (A3,C1) ; |: COLs (1,4, 5,6, 11, 12)/
array; WB; RT-
LOXL1
qPCR
6 2018 (29) HVF Cyclic mechanical 10% and 0.1 Hz RT-qPCR 6 1:COL1/BGN 6 IIL IV }:DCN/ FMO
cDNA 1:F-actin/ TRADD/ DNase 1-L1/ SIPA-1/
7 2008 (34) | hUSLF Mechanical 96h at 20% / None None None
microarrays MMP20
1:COLs (1, 3, 5)/ Elastin /a-SMA/TGEF-b1/
8 2019 (35) HVF Cyclic mechanical 24hor 72h at 10% and 0.2 Hz RT-qPCR / / 1 11
MMP2/COX-2/TNF-a/IL- 8/IL- 1b
9 2011 (36) | hUSLF Mechanical 24h at 4% or 8% or12% RT-qPCR 8 1:COLs (1, 3)/ PH/MMP1 None None None
10 2016 (37) | hUSLF Mechanical 0.3Hz and 5,333 p WB 20 }:COL1 None None None
4hatOp, 1,333, 2,666 1, 5,333 1,
11 2017 (38) | hUSLF Mechanical IF 10 1:F-actin None None None
and 0.1Hz
12 2017 (39) | hUSLF Cyclic mechanical 4hat5333pand 0.3Hz WB; RT-qPCR / 1:MMP (2, 9);):COLs (1, 3)/Elastin /TIMP2 | None None None
1:MMP (2, 9);}: TIMP2/COLs (1, 3)/
13 2017 (40) | hUSLF Cyclic mechanical 4hatOp, 5333 pand 0.1Hz ‘WB; RT-gPCR 10 None None None
Elastin/ TGF-p1
1:MMP (2, 9); |:COLs (1, 3)/Elastin /
14 2017 (41) | hUSLF Mechanical 4hatOp, 1,333, 5,333 pand 0.5Hz | WB; RT-qPCR 15 TGEp None None None
1
1:MMP2/TIMP2;]: COLs (1, 3)/ Elastin /
15 2017 (42) | hUSLF Mechanical 4hatOy, 1,333, 5,333 pand 0.5Hz | WB; RT-qPCR 15 TGEp None None None
-p1
16 2022 (43) | hUSLF Uniaxial cyclic stress | 4h at 10% and 0.1 Hz RT-qPCR 8 1: MMPI; |: COLs (1, 3) 10 I, IV 1: F-actin

POP, pelvic organ prolapse; HVE human vaginal fibroblast; hUSLE, human uterosacral ligament fibroblasts; IF, Inmunofluorescent staining; COL, Collagen type; a-SMA, a-smooth muscle actin; TGF-p1, transforming growth factor-p1; MMP, matrix metalloproteinase;
COX, Cyclooxygenase; TNF-a, Tumor Necrosis Factor a; IL, interleukin; TIMP, tissue inhibitors of metalloproteinases; ITG, Integrin; ADAMTSS, a disintegrin like and metalloproteinase with thrombospondin type; CNTN, contactin; LOXL, lysyl oxidase like; BGN,
Recombinant Biglycan; DCN, Decorin; FMO, fibromodulin; TRADD, tumor necrosis factor receptor-associated death domain protein; SIPA-1, signal-induced proliferation-associated protein 1; LN, Laminin; /, Not reported.
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Biomechanical-Biochemical Coupling in POP
Appropriate mechanical strain Over mechanical strain
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FIGURE 1
Roles and mechanisms of biomechanical-biochemical coupling in POP. POP, pelvic organ prolapse; MMP, matrix metalloproteinase; OS, Oxidative
Stress; FBLNS5, fibulin-5; LOXLL, lysyl oxidase like protein 1; TGF-p1, transforming growth factor-p1; TIMP, tissue inhibitors of metalloproteinases.

senescence. Mechanical force promotes the expression of senescence-
associated p-galactosidase (SA f-gal), a marker of cellular aging,
thereby accelerating fibroblast senescence (37, 38). As the body ages,
mitochondrial biogenesis continues to decline and may affect the
transcriptional activity and replication of mitochondrial DNA (47).

4.2 Biomechanically induced oxidative
stress in fibroblasts

It is suggested that mechanical force can activate the oxidative
stress signaling pathway (46). In a study conducted in 2017, it was
demonstrated that overexpression of the antioxidant molecule
glutathione peroxidase 1 (GPX1) in healthy hUSLFs reversed
oxidative stress and restored AWm in response to stretching (40). As
a result, the expression of oxidative stress markers such as 8-hydroxy-
2-deoxyguanosine (8-OHdG) and 4-hydroxynonenal (4-HNE)
decreased, and cell viability remained normal (40). However, in
HVFs-induced H202-treated cells, oxidative stress led to ECM
degradation and a decrease in biomechanical properties (48).
Reactive oxygen species (ROS) are the main sources of oxidative
stress. ROS accumulation occurs in hUSLFs after mechanical force
application, leading to increased apoptosis and cellular senescence in
fibroblasts (37, 46). Furthermore, mechanical stress activates the
transforming growth factor-f1 (TGF-p1)/Smad signaling pathway,
causing an imbalance in the production and degradation of
mechanical tissue proteins, which contributes to POP. HONG et al.
hypothesized that excessive mechanical stress and H202 treatment
stimulated oxidative stress, inhibited the phosphorylation of Smad2,
activated the TGF-Pp1/Smad2 signaling pathway, inhibited cell
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proliferation and remodeled the ECM by downregulating TGF-p1
levels (42). Liu et al. verified a negative correlation between the
transcription levels of TGF-f1 and the severity of POP in sacrospinal
ligament tissue (39). Conversely, pretreatment of healthy hUSLFs
with TGF-p1, followed by cyclic mechanical stretching, improved the
phosphorylation of Smad3, activated the TGF-p1/Smad3 signaling
pathway, stimulated the synthesis of TIMP-2, inhibited MMP-2/9
activity, reduced ECM loss, and increased ECM synthesis. Notably,
the expression of Homeobox11l and TGF-PI in the sacrospinal
ligament of POP patients mediates ECM dysregulation through the
regulation of collagen and MMP expression (49), and different types
of collagen have been extensively reported to be crucial for
maintaining tissue structure and biomechanical function (50), but
their effects at the cellular level have not been reported or validated.
On the other hand, other studies have shown that activating
transcription factor 3 (ATF3) can downregulate ROS through the
p38/Nrf2 signaling pathway, protecting vaginal fibroblasts from
injury and reducing cell apoptosis. However, oxidative stress is not
always harmful; low levels of oxidative stress are beneficial for
fibroblasts. In pulmonary fibroblasts, low levels of ROS activate
fibroblast proliferation by suppressing antioxidant enzyme
stimulation (51). Additionally, TGF-f1 may counteract oxidative
stress and promote normal metabolism in normal fibroblasts (42).

4.3 Mechanical induction of the fibroblast
inflammatory response
Inflammatory various  soluble

responses can generate

inflammatory mediators, and interferon y (IFN-y) is a potent
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proinflammatory molecule. Previous studies have shown that
compared to those of non-POP patients, the mRNA levels of [FN-y
and its receptor in the vaginal wall in POP patients were higher, and
the mRNA level of nuclear factor-kB (NF-xB) increased by 5.1-fold
(52). Miao et al. showed that inflammation in POP is age-related, and
there is are increases in biological processes associated with chronic
inflammation in older POP patients, while in younger POP patients,
these processes are associated with ECM metabolism and possibly
related to immune regulation (19, 53). Increased inflammatory
responses have also been observed in the USL of POP patients, leading
to the definition of inflammatory-type POP at the pathological level
(54). However, examination at the cellular level is still lacking.
Moreover, mechanical force-induced mitochondrial dysfunction can
activate inflammatory responses. When mitochondrial DNA is
subjected to high-intensity stress, oxidative stress reactions are
activated, leading to the leakage of mitochondrial ROS into the
cytoplasm and the excessive activation of inflammatory mediators
(55), such as NF-kB, tumor necrosis factor o (TNF-a), nucleotide-
binding oligomerization domain-like receptor protein 3 (NLRP3)
inflammasomes, and activator protein 1 (AP-1), ultimately affecting
the fate of fibroblasts (55). Unfortunately, relevant studies on POP
patient cells have not shown crosstalk among the mechanochemical
signaling pathways.

4.4 Mechanical induction of fibroblast
apoptosis

Mechanical force is an environmental factor that affects the
survival of pelvic floor cells. Previous proteomics analysis revealed
that many differentially expressed proteins in the USLs of POP
patients are apoptosis-related proteins (56). At the cellular level, the
POP-hUSLF group showed high expression of proapoptotic proteins
such as Bad, Bax, and Caspase 3, while the antiapoptotic protein
Bcl-2 was decreased (43, 57). Consequently, cell apoptosis was
significantly increased, indicating that mechanical force induces cell
apoptosis. Overall, these studies suggest that cell apoptosis is a key
mechanism underlying POP development. The growth rate of
POP-hUSLFs was slower than that of healthy hUSLFs, and their
proliferative capacity was impaired (58). Similarly, multiple studies
have demonstrated that excessive mechanical stress inhibits cell
proliferation and promotes apoptosis through the PI3K/Akt, p38/
MAPK, and actin cytoskeleton/Nr4al signaling pathways, and
estrogen has a protective effect (36, 43, 46, 57, 59). (1) Akt, which is
a component of the kinase network, participates in
mechanotransduction (60). In healthy hUSLFs, mechanical strain
activates the PI3K/AKkt signaling pathway: mechanical stimulation
rapidly activates Akt, recruiting it from the cytoplasm to the plasma
membrane, where it is phosphorylated at Thr308 and Ser473.
Activated Akt phosphorylates downstream FOXO1, causing nuclear
exclusion of FOXO1 and reducing its ability to regulate target genes,
including antioxidant enzyme-encoding genes that protect cells from
oxidative damage (61). This leads to the downregulation of GPX1 and
manganese superoxide dismutase (Mn-SOD) expression, activation
of the oxidative stress signaling pathway, an increase in ROS, the
promotion of hUSLF apoptosis and senescence, a decrease in COL1
production, and ultimately cellular depletion, pelvic floor laxity, and
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functional impairment. A study in 2017 (40) demonstrated that
overexpression of GPX1 in healthy hUSLFs and subsequent stretching
increased mitochondrial membrane potential, decreased expression
of oxidative stress markers (8-OHdG and 4-HNE), inhibited
mitochondrial damage, attenuated cell apoptosis, and reduced
collagen damage, indicating a protective effect on ECM remodeling
in response to mechanical stretching in cells. (2) MAPK is a protein
kinase family and a key signaling pathway through which mechanical
signals promote cell apoptosis via phosphorylation cascades involving
ERK, p38, and JNK. In fibroblasts in the periodontal ligament,
activation of the p38/MAPK pathway by mechanical stress has been
widely reported (62). Zhu et al. first reported the involvement of the
p38/MAPK pathway in mechanotransduction in hUSLFs in the
context of POP development (43, 63). After 24 h of stretching, the
level of phosphorylated p38 protein was upregulated in healthy
hUSLFs, and the increase in phosphorylated p38 was associated with
increased expression of the apoptosis genes Bad and Bax, which
could induce Bax translocation and increase cell apoptosis. However,
there were no differences observed in ERK/MAPK or JNK/MAPK,
suggesting that they may not be involved in POP development. It is
also possible that the activation of these two pathways is delayed by
the duration and intensity of mechanical force. Furthermore, role of
the p38/MAPK signaling pathway can be validated by inhibiting or
silencing p38. The failure of USL cells to resist excessive mechanical
damage may also be a mechanism underlying the development of
POP. (3) The actin cytoskeleton/Nr4al signaling pathway is involved
in mechanical regulation. The actin cytoskeleton determines cell
morphology and strength and participates in the transmission of
mechanical signals. Nuclear receptor subfamily 4 group A member 1
(Nr4al) induces apoptosis through its interaction with Bcl-2. In
hUSLFs, mechanical stretching can induce disassembly of the actin
cytoskeleton. This leads to an increase in Nr4al levels through
activation and induction. Nr4al then regulates the expression of the
proapoptotic proteins Bax and Caspase 3 and downregulates the
expression of the antiapoptotic protein Bcl-2, thereby promoting cell
apoptosis. Knocking down Nr4al can reverse the proapoptotic effect
induced by stretching. Therefore, the actin cytoskeleton/Nr4al
pathway is an important mechanism that regulates cell apoptosis
during POP development. (4) Estrogen/poly-ADP-ribose polymerase
1 PARPI1 reverses mechanical transduction damage. PARPI is a
multifunctional nuclear enzyme that catalyzes the transfer of
ADP-ribose units from NAD+ to specific target proteins, which
controls important physiological processes such as DNA damage and
gene expression (64). PARP1 is an important member of the
antiapoptotic protein family. Studies have indicated that mechanical
stretching induces cell apoptosis and death in patients and healthy
hUSLFs and that poststretching intervention with estrogen improves
cell status (58). The estrogen/PARP1 signaling pathway is involved in
the development of POP. Estrogen upregulates the expression of the
antiapoptotic protein Bcl-2, downregulates the expression of the
proapoptotic protein Bax, and enhances expression of the estrogen
receptor (ERa). ERa targets poly-ADP-ribosylation to upregulate
PARPI, thereby reducing mechanical strain-induced apoptosis and
death in hUSLFs. Interestingly, estrogen exhibits this protective effect
only when mechanical stretching stimulates PARP expression.
Therefore, further research is needed to elucidate the molecular
mechanisms underlying this phenomenon.
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4.5 Mechanical strain with other potential
elements

Firstly, Mechanical strain often directly regulate gene
expression. When mechanical stretch was applied, normal hUSLs
exhibited ROS, apoptosis, and senescence (65). In vitro
experiments had shown that overexpression of FBLN5 could
alleviate mechanical strain-induced damage in hUSLF cells by
inhibiting FOSL1 expression. However, knocking out FBLN5
could promote the occurrence of pelvic organ prolapse in the PFD
model rats by regulating the FOSL1/miR-222/MEIS1/COL3A1
axis (65). Secondly, lack of effective mechanical strain modeling
at present. Using a physiologically relevant 3D in vitro model,
under static conditions, 3D cultured POP fibroblasts are less
proliferative, exhibit lower collagen and elastin contents compared
to non-POP fibroblasts. However, under mechanical loading, the
differences between POP and non-POP fibroblasts are less
pronounced (66). This suggests that although mechanical stress
plays a major role, there is no more comprehensive model that
accurately simulates the pathophysiology of POP. Meanwhile, in
vivo, a study first measures whether there is a significant difference
in viscohyperelastic behavior of the USL between women with and
without POP with a computer-controlled linear servo-actuator
and did not differ significantly. Thus, larger sample sizes would
help improve the precision of intergroup differences. So that, the
study suggests that expanding larger sample sizes would help
improve the precision of intergroup differences (67).

5 Conclusion

This study presents a comprehensive overview of the
biomechanical structure of the anterior vaginal wall and USLs, as well
as the interaction between fibroblast biomechanics and chemical
signaling. Although significant progress has been made in
understanding the biomechanical dysfunction underlying POP, there
are still unresolved issues. The details of collagen synthesis, assembly,
maturation, and mechanical signal transduction remain unclear,
making it challenging to determine whether the observed results are
the cause or consequence of prolapse. Additionally, the effects of
appropriate force and oxidative stress on fibroblast proliferation and
function contradict the findings of earlier studies, calling for further
investigation. Furthermore, molecular differences between prolapsed
and nonprolapsed sites within the same patient pose challenges in
terms of sample collection and research methodologies. Therefore, a
systematic compilation of existing research is crucial in guiding future
investigations. Moreover, the use of suitable animal and cell models
has become increasingly important for gaining deeper insights into

References

1. Weintraub AY, Glinter H, Marcus-Braun N. Narrative review of the epidemiology,
diagnosis and pathophysiology of pelvic organ prolapse. Int Braz ] Urol. (2020) 46:5-14.
doi: 10.1590/s1677-5538.ibju.2018.0581

2. Fatton B, de Tayrac R, Letouzey V, Huberlant S. Pelvic organ prolapse and sexual
function. Nat Rev Urol. (2020) 17:373-90. doi: 10.1038/s41585-020-0334-8

Frontiers in Medicine

10.3389/fmed.2024.1303044

the pathogenesis of POP. Ultimately, addressing these issues will
contribute to improving the incidence rate of POP, but it requires
long-term exploration and research.

Author contributions

HW: Conceptualization, Writing - original draft. LZ: Supervision,
Writing - original draft. LH: Project administration, Writing - review
& editing. WL: Project administration, Writing - review & editing. BY:
Project administration, Writing - review & editing. XY: Supervision,
Writing - review & editing. YL: Conceptualization, Supervision,
Writing - original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This project
was supported by the National Natural Science Foundation of China
(82301836), Natural Science Foundation of Sichuan Province (grant
number 2022NSFSC0815), the Yingcai Scheme, Chengdu Women’s
and Children’s Central Hospital (grant numbers YC2021004 and
YC2022001), Youth Innovation Foundation of Sichuan Provincial
Medical (grant number Q21060).

Acknowledgments

We thank AJE Academic Services (https://www.aje.cn) for
English-language editing and review services.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

3. Wang B, Chen Y, Zhu X, Wang T, Li M, Huang Y, et al. Global burden and trends of
pelvic organ prolapse associated with aging women: an observational trend study from
1990 to 2019. Front Public Health. (2022) 10:975829. doi: 10.3389/fpubh.2022.975829

4. Pang H, Zhang L, Han S, Li Z, Gong J, Liu Q, et al. A nationwide population-based
survey on the prevalence and risk factors of symptomatic pelvic organ prolapse in adult

frontiersin.org


https://doi.org/10.3389/fmed.2024.1303044
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.aje.cn
https://doi.org/10.1590/s1677-5538.ibju.2018.0581
https://doi.org/10.1038/s41585-020-0334-8
https://doi.org/10.3389/fpubh.2022.975829

Wu et al.

women in China - a pelvic organ prolapse quantification system-based study. BJOG.
(2021) 128:1313-23. doi: 10.1111/1471-0528.16675

5. Smith FJ, Holman CD, Moorin RE, Tsokos N. Lifetime risk of undergoing surgery
for pelvic organ prolapse. Obstet Gynecol. (2010) 116:1096-100. doi: 10.1097/
AOG.0b013e3181f73729

6. Lowenstein E, Moller LA, Laigaard ], Gimbel H. Reoperation for pelvic organ
prolapse: a Danish cohort study with 15-20 years' follow-up. Int Urogynecol J. (2018)
29:119-24. doi: 10.1007/s00192-017-3395-3

7. Cattani L, Decoene J, Page AS, Weeg N, Deprest ], Dietz HP. Pregnancy, labour and
delivery as risk factors for pelvic organ prolapse: a systematic review. Int Urogynecol J.
(2021) 32:1623-31. doi: 10.1007/s00192-021-04724-y

8. Trutnovsky G, Kamisan Atan I, Martin A, Dietz HP. Delivery mode and pelvic
organ prolapse: a retrospective observational study. BJOG. (2016) 123:1551-6. doi:
10.1111/1471-0528.13692

9. Schulten SFM, Claas-Quax M]J, Weemhoff M, van Eijndhoven HW, van Leijsen SA,
Vergeldt TF, et al. Risk factors for primary pelvic organ prolapse and prolapse recurrence:
an updated systematic review and meta-analysis. Am ] Obstet Gynecol. (2022)
227:192-208. doi: 10.1016/j.aj0g.2022.04.046

10. Patel DA, Xu X, Thomason AD, Ransom SB, Ivy JS, DeLancey JO. Childbirth and
pelvic floor dysfunction: an epidemiologic approach to the assessment of prevention
opportunities at delivery. Am ] Obstet Gynecol. (2006) 195:23-8. doi: 10.1016/j.
2j0g.2006.01.042

11. Giri A, Hartmann KE, Hellwege JN, Velez Edwards DR, Edwards TL. Obesity and
pelvic organ prolapse: a systematic review and meta-analysis of observational studies.
Am J Obstet Gynecol. (2017) 217:11-26.e3. doi: 10.1016/j.aj0g.2017.01.039

12. Danso EK, Schuster JD, Johnson I, Harville EW, Buckner LR, Desrosiers L, et al.
Comparison of biaxial biomechanical properties of post-menopausal human prolapsed
and non-prolapsed uterosacral ligament. Sci Rep. (2020) 10:7386. doi: 10.1038/
541598-020-64192-0

13. Donaldson K, Huntington A, De Vita R. Mechanics of uterosacral ligaments:
current knowledge, existing gaps, and future directions. Ann Biomed Eng. (2021)
49:1788-804. doi: 10.1007/s10439-021-02755-6

14. Doshani A, Teo RE, Mayne CJ, Tincello DG. Uterine prolapse. BMJ. (2007)
335:819-23. doi: 10.1136/bm;.39356.604074.BE

15. Goh JT. Biomechanical properties of prolapsed vaginal tissue in pre- and
postmenopausal women. Int Urogynecol ] Pelvic Floor Dysfunct. (2002) 13:76-9;
discussion 9. doi: 10.1007/s001920200019

16. Lei L, Song Y, Chen R. Biomechanical properties of prolapsed vaginal tissue in
pre- and postmenopausal women. Int Urogynecol ] Pelvic Floor Dysfunct. (2007)
18:603-7. doi: 10.1007/s00192-006-0214-7

17. Buller JL, Thompson JR, Cundiff GW, Krueger Sullivan L, Schon Ybarra MA, Bent
AE. Uterosacral ligament: description of anatomic relationships to optimize surgical
safety. Obstet Gynecol. (2001) 97:873-9. doi: 10.1016/50029-7844(01)01346-1

18. Reay Jones NH, Healy JC, King LJ, Saini S, Shousha S, Allen-Mersh TG. Pelvic
connective tissue resilience decreases with vaginal delivery, menopause and uterine
prolapse. Br J Surg. (2003) 90:466-72. doi: 10.1002/bjs.4065

19.Li Y, Zhang QY, Sun BE, Ma Y, Zhang Y, Wang M, et al. Single-cell transcriptome
profiling of the Vaginal Wall in women with severe anterior vaginal prolapse. Nat
Commun. (2021) 12:87. doi: 10.1038/s41467-020-20358-y

20. Connell KA. Elastogenesis in the Vaginal Wall and pelvic-organ prolapse. N Engl
J Med. (2011) 364:2356-8. doi: 10.1056/NEJMcibr1104976

21. Zhu YP, Xie T, Guo T, Sun ZJ, Zhu L, Lang JH. Evaluation of extracellular matrix
protein expression and apoptosis in the uterosacral ligaments of patients with or without
pelvic organ prolapse. Int Urogynecol ]. (2021) 32:2273-81. doi: 10.1007/
500192-020-04446-7

22. Rosell-Garcia T, Paradela A, Bravo G, Dupont L, Bekhouche M, Colige A, et al.
Differential cleavage of Lysyl oxidase by the metalloproteinases Bmp1 and Adamts2/14
regulates collagen binding through a tyrosine sulfate domain. J Biol Chem. (2019)
294:11087-100. doi: 10.1074/jbc. RA119.007806

23. Kufaishi H, Alarab M, Drutz H, Lye S, Shynlova O. Comparative characterization
of vaginal cells derived from premenopausal women with and without severe pelvic
organ prolapse. Reprod Sci. (2016) 23:931-43. doi: 10.1177/1933719115625840

24.YuX, He L, Chen Y, Lin W, Liu H, Yang X, et al. Construction of a focal adhesion
signaling pathway-related Cerna network in pelvic organ prolapse by transcriptome
analysis. Front Genet. (2022) 13:996310. doi: 10.3389/fgene.2022.996310

25. Zhong L, Zheng J, Lin L, Cong Q, Qiao L. Perspective on human papillomavirus
infection treatment by vaginal microbiota. Interdisciplin Med. (2023) 1:¢20220020. doi:
10.1002/INMD.20220020

26. Ruiz-Zapata AM, Kerkhof MH, Zandieh-Doulabi B, Brélmann HA, Smit TH,
Helder MN. Fibroblasts from women with pelvic organ prolapse show differential
mechanoresponses depending on surface substrates. Int Urogynecol J. (2013) 24:1567-75.
doi: 10.1007/s00192-013-2069-z

27. Ruiz-Zapata AM, Kerkhof MH, Zandieh-Doulabi B, Brélmann HA, Smit TH,
Helder MN. Functional characteristics of vaginal fibroblastic cells from premenopausal

Frontiers in Medicine

10.3389/fmed.2024.1303044

women with pelvic organ prolapse. Mol Hum Reprod. (2014) 20:1135-43. doi: 10.1093/
molehr/gau078

28. Kufaishi H, Alarab M, Drutz H, Lye S, Shynlova O. Static mechanical loading
influences the expression of extracellular matrix and cell adhesion proteins in vaginal
cells derived from premenopausal women with severe pelvic organ prolapse. Reprod Sci.
(2016) 23:978-92. doi: 10.1177/1933719115625844

29. Wang S, Lii D, Zhang Z, Jia X, Yang L. Effects of mechanical stretching on the
morphology of extracellular polymers and the Mrna expression of collagens and small
leucine-rich repeat proteoglycans in vaginal fibroblasts from women with pelvic organ
prolapse. PLoS One. (2018) 13:¢0193456. doi: 10.1371/journal.pone.0193456

30. Alarab M, Kufaishi H, Lye S, Drutz H, Shynlova O. Expression of extracellular
matrix-remodeling proteins is altered in vaginal tissue of premenopausal women with
severe pelvic organ prolapse. Reprod Sci. (2014) 21:704-15. doi:
10.1177/1933719113512529

31. Coates-Park S, Lazaroff C, Gurung S, Rich ], Colladay A, O'Neill M, et al. Tissue
inhibitors of metalloproteinases are proteolytic targets of matrix metalloproteinase 9.
Matrix Biol. (2023) 123:59-70. doi: 10.1016/j.matbio.2023.09.002

32. Zong W, Jallah ZC, Stein SE, Abramowitch SD, Moalli PA. Repetitive mechanical
stretch increases extracellular collagenase activity in vaginal fibroblasts. Female Pelvic
Med Reconstr Surg. (2010) 16:257-62. doi: 10.1097/SPV.0b013e3181ed30d2

33. Wang S, Zhang Z, Lii D, Xu Q. Effects of mechanical stretching on the morphology
and cytoskeleton of vaginal fibroblasts from women with pelvic organ prolapse. Int ] Mol
Sci. (2015) 16:9406-19. doi: 10.3390/ijms16059406

34. Ewies AA, Elshafie M, Li J, Stanley A, Thompson J, Styles J, et al. Changes in
transcription profile and cytoskeleton morphology in pelvic ligament fibroblasts in
response to stretch: the effects of estradiol and levormeloxifene. Mol Hum Reprod.
(2008) 14:127-35. doi: 10.1093/molehr/gam090

35. Vashaghian M, Diedrich CM, Zandieh-Doulabi B, Werner A, Smit TH, Roovers
JP. Gentle cyclic straining of human fibroblasts on electrospun scaffolds enhances their
regenerative potential. Acta Biomater. (2019) 84:159-68. doi: 10.1016/j.
actbio.2018.11.034

36. Li XW, Miao YL, Wang JL, Wei LH, Jiang L. Preliminary study on metabolism of
collagen in uterus sacral ligament fibroblasts under stress. Zhonghua Fu Chan Ke Za
Zhi. (2011) 46:172-6.

37.Li BS, Guo WJ, Hong L, Liu YD, Liu C, Hong SS, et al. Role of mechanical strain-
activated Pi3k/Akt signaling pathway in pelvic organ prolapse. Mol Med Rep. (2016)
14:243-53. doi: 10.3892/mmr.2016.5264

38. Hu M, Hong L, Hong S, Min J, Zhao Y, Yang Q, et al. Mechanical stress influences
the viability and morphology of human parametrial ligament fibroblasts. Mol Med Rep.
(2017) 15:853-8. doi: 10.3892/mmr.2016.6052

39. Liu C, Wang Y, Li BS, Yang Q, Tang JM, Min J, et al. Role of transforming growth
factor B-1 in the pathogenesis of pelvic organ prolapse: a potential therapeutic target.
Int ] Mol Med. (2017) 40:347-56. doi: 10.3892/ijmm.2017.3042

40.Hong S, Hong L, Li B, Wu D, Liu C, Min J, et al. The role of Gpxl in the
pathogenesis of female pelvic organ prolapse. PLoS One. (2017) 12:e0181896. doi:
10.1371/journal.pone.0181896

41.Min ], Li B, Liu C, Guo W, Hong S, Tang J, et al. Extracellular matrix metabolism
disorder induced by mechanical strain on human parametrial ligament fibroblasts. Mol
Med Rep. (2017) 15:3278-84. doi: 10.3892/mmr.2017.6372

42. Zhang Q, Liu C, Hong S, Min J, Yang Q, Hu M, et al. Excess mechanical stress and
hydrogen peroxide remodel extracellular matrix of cultured human uterosacral ligament
fibroblasts by disturbing the balance of Mmps/Timps via the regulation of TGF-p1
signaling pathway. Mol Med Rep. (2017) 15:423-30. doi: 10.3892/mmr.2016.5994

43.Zhu Y, Li L, Xie T, Guo T, Zhu L, Sun Z. Mechanical stress influences the
morphology and function of human uterosacral ligament fibroblasts and activates the
P38 Mapk pathway. Int Urogynecol J. (2022) 33:2203-12. doi: 10.1007/
500192-021-04850-7

44. Tharp KM, Higuchi-Sanabria R, Timblin GA, Ford B, Garzon-Coral C, Schneider
C, et al. Adhesion-mediated mechanosignaling forces mitohormesis. Cell Metab. (2021)
33:1322-41.e13. doi: 10.1016/j.cmet.2021.04.017

45.Kim EJ, Chung N, Park SH, Lee KH, Kim SW, Kim JY, et al. Involvement of
oxidative stress and mitochondrial apoptosis in the pathogenesis of pelvic organ
prolapse. J Urol. (2013) 189:588-94. doi: 10.1016/j.juro.2012.09.041

46.Hong S, Li H, Wu D, Li B, Liu C, Guo W, et al. Oxidative damage to human
parametrial ligament fibroblasts induced by mechanical stress. Mol Med Rep. (2015)
12:5342-8. doi: 10.3892/mmr.2015.4115

47. Huang W, Hickson LJ, Eirin A, Kirkland JL, Lerman LO. Cellular senescence: the
good, the bad and the unknown. Nat Rev Nephrol. (2022) 18:611-27. doi: 10.1038/
s41581-022-00601-z

48.FengJ, LiY, Jin X, Gong R, Xia Z. Atf3 regulates oxidative stress and extracellular
matrix degradation via P38/Nrf2 signaling pathway in pelvic organ prolapse. Tissue Cell.
(2021) 73:101660. doi: 10.1016/j.tice.2021.101660

49. Zhang L, Dai F, Chen G, Wang Y, Liu S, Zhang L, et al. Molecular mechanism of
extracellular matrix disorder in pelvic organ prolapses. Mol Med Rep. (2020) 22:4611-8.
doi: 10.3892/mmr.2020.11564

frontiersin.org


https://doi.org/10.3389/fmed.2024.1303044
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1111/1471-0528.16675
https://doi.org/10.1097/AOG.0b013e3181f73729
https://doi.org/10.1097/AOG.0b013e3181f73729
https://doi.org/10.1007/s00192-017-3395-3
https://doi.org/10.1007/s00192-021-04724-y
https://doi.org/10.1111/1471-0528.13692
https://doi.org/10.1016/j.ajog.2022.04.046
https://doi.org/10.1016/j.ajog.2006.01.042
https://doi.org/10.1016/j.ajog.2006.01.042
https://doi.org/10.1016/j.ajog.2017.01.039
https://doi.org/10.1038/s41598-020-64192-0
https://doi.org/10.1038/s41598-020-64192-0
https://doi.org/10.1007/s10439-021-02755-6
https://doi.org/10.1136/bmj.39356.604074.BE
https://doi.org/10.1007/s001920200019
https://doi.org/10.1007/s00192-006-0214-7
https://doi.org/10.1016/s0029-7844(01)01346-1
https://doi.org/10.1002/bjs.4065
https://doi.org/10.1038/s41467-020-20358-y
https://doi.org/10.1056/NEJMcibr1104976
https://doi.org/10.1007/s00192-020-04446-7
https://doi.org/10.1007/s00192-020-04446-7
https://doi.org/10.1074/jbc.RA119.007806
https://doi.org/10.1177/1933719115625840
https://doi.org/10.3389/fgene.2022.996310
https://doi.org/10.1002/INMD.20220020
https://doi.org/10.1007/s00192-013-2069-z
https://doi.org/10.1093/molehr/gau078
https://doi.org/10.1093/molehr/gau078
https://doi.org/10.1177/1933719115625844
https://doi.org/10.1371/journal.pone.0193456
https://doi.org/10.1177/1933719113512529
https://doi.org/10.1016/j.matbio.2023.09.002
https://doi.org/10.1097/SPV.0b013e3181ed30d2
https://doi.org/10.3390/ijms16059406
https://doi.org/10.1093/molehr/gam090
https://doi.org/10.1016/j.actbio.2018.11.034
https://doi.org/10.1016/j.actbio.2018.11.034
https://doi.org/10.3892/mmr.2016.5264
https://doi.org/10.3892/mmr.2016.6052
https://doi.org/10.3892/ijmm.2017.3042
https://doi.org/10.1371/journal.pone.0181896
https://doi.org/10.3892/mmr.2017.6372
https://doi.org/10.3892/mmr.2016.5994
https://doi.org/10.1007/s00192-021-04850-7
https://doi.org/10.1007/s00192-021-04850-7
https://doi.org/10.1016/j.cmet.2021.04.017
https://doi.org/10.1016/j.juro.2012.09.041
https://doi.org/10.3892/mmr.2015.4115
https://doi.org/10.1038/s41581-022-00601-z
https://doi.org/10.1038/s41581-022-00601-z
https://doi.org/10.1016/j.tice.2021.101660
https://doi.org/10.3892/mmr.2020.11564

Wu et al.

50. Budatha M, Roshanravan S, Zheng Q, Weislander C, Chapman SL, Davis EC, et al.
Extracellular matrix proteases contribute to progression of pelvic organ prolapse in mice
and humans. J Clin Invest. (2011) 121:2048-59. doi: 10.1172/JCI45636

51. Murrell GA, Francis MJ, Bromley L. Modulation of fibroblast proliferation by
oxygen free radicals. Biochem J. (1990) 265:659-65. doi: 10.1042/bj2650659

52.Zhao B, Yan J, Wu H, Zhou Y, Xu D, Hu M, et al. Interferon-gamma and its
pathway-associated gene expression in the vaginal tissue of premenopausal females with
pelvic organ prolapse. Exp Ther Med. (2014) 8:1145-9. doi: 10.3892/etm.2014.1868

53.Miao Y, Wen J, Wang L, Wen Q, Cheng J, Zhao Z, et al. Scrna-Seq reveals
aging-related immune cell types and regulators in vaginal wall from elderly women
with pelvic organ prolapse. Front Immunol. (2023) 14:1084516. doi: 10.3389/
fimmu.2023.1084516

54. Orlicky DJ, Guess MK, Bales ES, Rascoff LG, Arruda JS, Hutchinson-Colas JA,
et al. Using the novel pelvic organ prolapse histologic quantification system to identify
phenotypes in uterosacral ligaments in women with pelvic organ prolapse. Am J Obstet
Gynecol. (2021) 224:67.e1-67.e18. doi: 10.1016/j.aj0g.2020.10.040

55. Piantadosi CA, Suliman HB. Mitochondrial dysfunction in lung pathogenesis.
Annu Rev Physiol. (2017) 79:495-515. doi: 10.1146/annurev-physiol-022516-034322

56. Sun ZJ, Zhu L, Lang JH, Wang Z, Liang S. Proteomic analysis of the uterosacral
ligament in postmenopausal women with and without pelvic organ prolapse. Chin Med
J. (2015) 128:3191-6. doi: 10.4103/0366-6999.170262

57.Zeng W, Li Y, Li B, Liu C, Hong S, Tang J, et al. Mechanical stretching induces the
apoptosis of Parametrial ligament fibroblasts via the actin cytoskeleton/Nr4al signalling
pathway. Int ] Med Sci. (2020) 17:1491-8. doi: 10.7150/ijms.46354

58.Xie T, Guo D, Guo T, Zhu Y, Li E, Zhang S, et al. The protective effect of 17
B-estradiol on human uterosacral ligament fibroblasts from postmenopausal women
with pelvic organ prolapse. Front Physiol. (2022) 13:980843. doi: 10.3389/
fphys.2022.980843

Frontiers in Medicine

10

10.3389/fmed.2024.1303044

59. Ding W, Hong L, Wu D, Hong S, Li B, Guo W, et al. Effect of mechanical stress on
human Parametrial ligament fibroblasts apoptosis. Zhonghua Fu Chan Ke Za Zhi. (2014)
49:690-3.

60.Xu H, Guan J, Jin Z, Yin C, Wu S, Sun W, et al. Mechanical force modulates
macrophage proliferation via Piezol-Akt-cyclin D1 Axis. FASEB J. (2022) 36:e22423.
doi: 10.1096/1).202200314R

61. Downing JR. A new Foxo pathway required for Leukemogenesis. Cell. (2011)
146:669-70. doi: 10.1016/j.cell.2011.08.019

62.Zhao Y, Zhang S, Cheng B, Feng F, Zhu Y, Liu Y, et al. Mechanochemical coupling
of Mgf mediates periodontal regeneration. Bioeng Trans Med. (2024) 9:e10603. doi:
10.1002/btm2.10603

63. Dai YX, Lang JH, Zhu L, Liu ZE, Pan LY, Sun DW. Microarray analysis of gene
expression profiles in pelvic organ prolapse. Zhonghua Fu Chan Ke Za Zhi. (2010)
45:342-7.

64. Srivastava R, Lodhi N. DNA methylation malleability and dysregulation in cancer
progression: understanding the role of Parp1. Biomol Ther. (2022) 12:417. doi: 10.3390/
biom12030417

65. Zhang R, Li Y, Zhang J. Molecular mechanisms of pelvic organ prolapse influenced
by Fbln5 via Fosl1/Mir-222/Meis1/Col3al axis. Cell Signal. (2024) 114:111000. doi:
10.1016/j.cellsig.2023.111000

66. van Velthoven MJJ, Gudde AN, van der Kruit M, van Loon MPC, Rasing L,
Wagener F, et al. An improved understanding of the pathophysiology of pelvic organ
prolapse: a 3d in vitro model under static and mechanical loading conditions. Adv
Healthc Mater. (2024):€2302905. doi: 10.1002/adhm.202302905

67.Luo J, Swenson CW, Betschart C, Feng F Wang H, Ashton-Miller JA, et al.
Comparison of in vivo Visco-Hyperelastic properties of uterine suspensory tissue in
women with and without pelvic organ prolapse. ] Mech Behav Biomed Mater. (2023)
137:105544. doi: 10.1016/j.jmbbm.2022.105544

frontiersin.org


https://doi.org/10.3389/fmed.2024.1303044
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1172/JCI45636
https://doi.org/10.1042/bj2650659
https://doi.org/10.3892/etm.2014.1868
https://doi.org/10.3389/fimmu.2023.1084516
https://doi.org/10.3389/fimmu.2023.1084516
https://doi.org/10.1016/j.ajog.2020.10.040
https://doi.org/10.1146/annurev-physiol-022516-034322
https://doi.org/10.4103/0366-6999.170262
https://doi.org/10.7150/ijms.46354
https://doi.org/10.3389/fphys.2022.980843
https://doi.org/10.3389/fphys.2022.980843
https://doi.org/10.1096/fj.202200314R
https://doi.org/10.1016/j.cell.2011.08.019
https://doi.org/10.1002/btm2.10603
https://doi.org/10.3390/biom12030417
https://doi.org/10.3390/biom12030417
https://doi.org/10.1016/j.cellsig.2023.111000
https://doi.org/10.1002/adhm.202302905
https://doi.org/10.1016/j.jmbbm.2022.105544

	Roles and mechanisms of biomechanical-biochemical coupling in pelvic organ prolapse
	1 Introduction
	2 POP and biomechanics
	2.1 POP biomechanical features
	2.2 Structural basis of biomechanics in POP

	3 Biomechanical-biochemical coupling of fibroblasts in POP
	3.1 Cell-mediated biochemical remodeling of the ECM
	3.2 Mechanobiology mediates cellular remodeling

	4 Impact of biomechanical-biochemical coupling on fibroblast function
	4.1 Biomechanical induction leads to alterations in the mitochondrial function of fibroblasts
	4.2 Biomechanically induced oxidative stress in fibroblasts
	4.3 Mechanical induction of the fibroblast inflammatory response
	4.4 Mechanical induction of fibroblast apoptosis
	4.5 Mechanical strain with other potential elements

	5 Conclusion
	Author contributions

	References

