EXPERIMENTAL AND THERAPEUTIC MEDICINE 22: 1009, 2021

Advances in molecular mechanisms of
pelvic organ prolapse (Review)

ZHI-MIN DENG*, FANG-FANG DAI’, MENG-QIN YUAN,
DONG-YONG YANG, YA-JING ZHENG and YAN-XIANG CHENG

Department of Obstetrics and Gynecology, Renmin Hospital of
Wuhan University, Wuhan, Hubei 430060, P.R. China

Received March 30, 2021; Accepted June 18, 2021

DOI: 10.3892/etm.2021.10442

Abstract. Pelvic organ prolapse (POP) is a common gyne-
cological benign disease occurring in middle-aged and
elderly females. Its incidence increases every year. To date,
the majority of studies investigating its etiology have not
evaluated the underlying molecular mechanisms, which has
caused substantial difficulties in the prevention, treatment
and prognosis of POP. In the present narrative review, recent
research studies concerning the molecular mechanisms of
POP were systematically reviewed and the advances were
summarized. The association between the incidence of POP
and the reduction of the extracellular matrix, activation
of oxidative stress, genetic susceptibility, denervation of
the pelvic floor and reduction of estrogen infiltration were
explored. POP is mainly associated with damage of pelvic
floor muscles and connective tissue, which are directly
caused by pregnancy and vaginal delivery. The majority of
the molecular and genetic mutations associated with POP
involve specific components of connective tissue synthesis
and degradation. It is likely that macroscopic param-
eters, such as anatomy, lifestyle and reproductive factors,
interact with microscopic parameters, such as physiology
and genetics in the female pelvic floor, leading to POP.
Additional research studies investigating the molecular
mechanisms of POP should be performed, since they may
aid public health strategies. In the present narrative review,
a summary of these molecular mechanisms underlying the
development of POP is provided. This included the relevant
proteins and genes involved. On this basis, countermeasures
were proposed.
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1. Introduction

In a clinically-based consensus report, pelvic organ
prolapse (POP) was defined as 'the downward descent of the
anterior or posterior vaginal wall, the uterus and the vaginal
vault into or through the vagina' (1). In total, 30-76% of females
present with POP during routine gynecological examinations,
even in the absence of specific alarming symptoms (2). This
condition may have a negative impact on sexual life, body
image and quality of life (2). According to a study performed
by Wu et al (3), the number of females with POP is expected to
increase to 46% and is estimated to reach 4.9 million by 2050.
Aging increases the incidence of POP, which requires signifi-
cant costs and causes a financial burden to the healthcare
system.

POP is a multifactorial disease and pregnancy is the
most common risk factor for its development. Labor directly
damages the pelvic floor muscles and connective tissues (4).
A prospective ultrasound study indicated that the incidence
of pelvic floor muscle injury was associated with POP and its
incidence ranged from 21-36% following vaginal delivery (5).
In addition, prior to hysterectomy, estrogen levels, parity, age,
body mass index (BMI) and sustained elevated intra-abdominal
pressure, including obesity, chronic cough, constipation and
repeated weight-bearing, may also contribute to prolapse (6).

It is worth noting that the aforementioned macroscopic
factors cannot fully clarify the pathogenesis of POP, which may
not occur in all females exposed to these risk factors. Therefore,
prolapse may also affect females who do not present with these
conditions. Therefore, it is imperative to fully investigate the



2 DENG et al: MOLECULAR MECHANISMS OF POP

mechanisms of action of POP. The molecular mechanism
of POP and the key genes involved in its development have
been studied in-depth using bioinformatic approaches, such
as genetic engineering and gene expression profiling chips. In
the present review article, a summary of the latest advances
of the molecular mechanisms of POP is provided, with a view
to provide novel perspectives in elucidating the pathogenesis,
identifying prevention methods and improving the means of
diagnosis and treatment.

2. Methods

A comprehensive search of relevant systematic reviews and
articles was performed using the PubMed and Google Scholar
databases. This review adheres to Preferred Reporting Items
for Systematic reviews and Meta-Analyses guidelines (7).
The publication years ranged between 2005 and 2020. To
expand the retrieval scope, the 'pelvic floor dysfunction' (PFD)
concept was introduced. The search strategies included the
following Mesh terms: ‘Pelvic organ prolapse’ and ‘pelvic
floor dysfunction’; ‘PFD’ and ‘POP’; ‘etiology’ and ‘mecha-
nism’. Furthermore, citation tracking of the studies retrieved
was used to identify additional relevant articles, which were
obtained using Google Scholar. Table I illustrates the general
idea of the study and the cited references, correspondingly.

3. Mechanisms underlying POP

The molecular mechanisms of POP are complex and have
remained to be fully elucidated. They may be divided into
the following aspects: i) Reduction of the extracellular matrix
(ECM) in pelvic floor connective tissue; ii) activation of oxida-
tive stress (OS); iii) genetic susceptibility; iv) denervation of the
pelvic floor; and v) reduction of estrogen infiltration (Fig. 1).

Reduced ECM and POP. The connective tissue of the pelvic
floor is composed of nerves, muscles, ligaments and fascia,
and supports the female pelvic organs. The fibroblasts secrete
collagen and elastin, which are the essential components of the
ECM that provide strength and flexibility to the pelvic floor (8).
To the best of our knowledge, reduced ECM metabolism in
pelvic floor connective tissue, including reduced anabolism
and increased catabolism, is the predominant pathogenic
mechanism of POP.

Reduced anabolism of ECM. The research hotspot in the
field of collagen synthesis is transforming growth factor-f1
(TGF-B1), a typical multifunctional cytokine, which broadly
regulates various biological functions and has been indicated
to be involved in the synthesis of connective tissue (9). It has
been confirmed that decreased mRNA and protein expression
levels of TGF-f1 are associated with the severity of POP (10).
Pretreatment with TGF-B1 activates the TGF-f1/Smad
signaling pathway, thereby attenuating the loss of ECM (11).
Investigation of its mechanistic involvement in chronic kidney
diseases and idiopathic pulmonary fibrosis has resulted in the
conclusion that TGF-f31 promotes collagen synthesis via the
following methods: i) Activation of downstream signaling
pathways, such as the TGF-$1/Smad pathways; ii) increased
de novo synthesis of serine; and iii) increased expression of

protease inhibitors (12,13). It is reasonable to hypothesize
that downregulation of TGF-f1 hinders collagen synthesis,
interferes with ECM metabolism and ultimately affects the
occurrence and development of POP.

In addition, a previous study published in 2008 reported
that the homeobox A1l (HOXAI11) gene, which is a transcrip-
tional regulator, is key to the balance of collagen metabolism
and its deficiency was associated with a decrease in collagen
content (14). Another study had indicated that HOXA11
inhibits the expression of p53, a tumor suppressor gene, which
controls the progression of the cell cycle (15). This may be a
mechanism via which HOXAT11 regulates collagen synthesis.
In addition, it has been demonstrated that the expression levels
of matrix metalloproteinase (MMP) enzymes are increased,
while those of tissue inhibitors of MMP (TIMPs) are decreased
following knockdown of HOXA11 expression, which in turn
increases the degradation of ECM, suggesting that a deficiency
in HOXAT11 disrupts the balance of collagen metabolism and
eventually contributes to POP (16). A study indicated that
the expression levels of microRNA (miRNA/miR)-30D and
miR-181A in patients with POP were negatively correlated
with HOXA11 mRNA levels; it was hypothesized that these
miRNAs regulate the expression of HOXA11 and may be used
as therapeutic targets for POP (17).

The above findings suggest that HOXA11 and TGF-p1 exert
a synergistic effect on the expression of collagen and MMP
enzymes. These two signaling mediators have important roles in
the development of ECM, as demonstrated by a recent study (18).
The balanced turnover of collagen is necessary for maintaining
the mechanical strength of pelvic supportive connective tissues.

The major components of ECM are elastic fibers and
collagen. Elastic fibers are able to maintain the integrity of
pelvic organs and vaginal structures to resist mechanical strain
due to its elasticity and recoil properties (18). Patients with
POP exhibit weakened flexibility of elastin and increased flex-
ibility of elastase, which disrupts the mechanical balance of
the pelvic floor (19). Fibulin-5 (FBLNS) and lysyl oxidase-like
protein 1 (LOXL1) have attracted considerable attention due to
their major roles in the synthesis of elastic fibers (20-25).

FBLNS is an integrin-bound matricellular protein required
for elastic fiber assembly; it exerts dual effects by ensuring
normal assembly of elastic fibers and inhibiting the activity of
MMP?9 to maintain the biomechanical integrity of the pelvic
floor and prevent the development of POP (20). An additional
study indicated that FBLNS inhibits upregulation of MMP9
by inhibiting p1 integrin-dependent and fibronectin-mediated
pathways (21).

LOXLI1 is involved in the cross-linking of tropoelastin
monomers and interacts with FBLNS5 (22). It serves both as
a cross-linking enzyme and as an element of the scaffold,
having an essential role in the synthesis and assembly of
elastic fibers (23). Previous studies have clarified that defect
in the synthesis of elastic fibers caused by decreased expres-
sion of FBLN5 and LOXL1 contribute to POP (24,25). It was
recently determined that the coexpression of LOXL1 and bone
morphogenetic protein has a significant impact on the regula-
tion of postpartum connective tissue metabolism in mice (22).

In summary, the disordered elastic fiber homeostasis may
weaken the function of the stent, which is one of the primary
events in the pathogenesis of POP.
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Table I. Molecular mechanisms of pelvic organ prolapse.

Category Factors (Refs.)
Reduction of ECM
Reduced anabolism TGF-p1 (9-13,18)
HOXA11 (14-18)
FBLNS (20,21)
LOXLI1 (22-25,68)
Increased catabolism MMPs/TIMPs, elastases (10,11,16,18,20,27-30)
Activation of oxidative stress NA® (32-38)
Genetic susceptibility NA Table I1°
Reduction of neurotransmitters VIP (63,64)
NPY (63,64,68)
Reduction of estrogen infiltration NA (65-67)

“For rows containing NA, there is no precise factor available for that molecular mechanism; *Details are presented in Table II. ECM, extracel-
lular matrix; TGF-f1, transforming growth factor-p1; HOXA11, homeobox A11; FBLNS, fibulin-5; LOXL1, lysyl oxidases-like protein 1;
MMPs, matrix metalloproteinases; TIMPs, tissue inhibitors of MMP; NPY, neuropeptide; VIP, vasoactive intestinal peptide.
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Figure 1. Overview diagram of the article. (A) Pie chart of the five core factors of POP. (B) Specific molecular mechanisms involved in the reduction of ECM.
POP, pelvic organ prolapse; ECM, extracellular matrix; TGF-f1, transforming growth factor-f1; HOXA11, homeobox A1l; FBLNS, fibulin-5; LOXLI, lysyl
oxidases-like protein 1; MMPs, matrix metalloproteinases; TIMPs, tissue inhibitors of MMP; NPY, neuropeptide; VIP, vasoactive intestinal peptide.

Increased catabolism of ECM. MMPs mainly include
MMP1, -2,-3 and -9. These enzymes are capable of degrading
collagen and other ECM components (26). A previous study
indicated that overexpression of MMP?2 is a harmful factor
for POP (27). In patients with POP, the expression levels of
MMP2/9 in the pelvic floor tissue were increased, while those
of TIMPs, which antagonize MMP action, were decreased (16).
Therefore, MMPs and TIMPs are considered the key factors of
regulating ECM degradation. In addition, it has been reported
that TGF-p1 stimulates the synthesis of TIMP-2 and inhibits
the activity of MMP2/9 via the TGF-f$1/Smad3 signaling
pathway, thereby reducing the loss of ECM (10,11). However,

an additional study that utilized a rainbow trout heart fibrosis
model indicated that following 24 h of TGF-f1 treatment, the
transcription levels of TIMP-2 and MMP9 were increased (28).
Heterogeneity among studies, such as differences in research
methods, sample sizes, research subjects, locations of biopsy
materials and genetic background, may lead to such distinct
outcomes.

A previous study compared the expression levels of various
elastases in vaginal tissues of female patients with pelvic floor
dysfunction and confirmed that increased elastin metabolism
may alter the mechanical properties of supporting tissues (29).
A subsequent study indicated that increased expression of
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elastase causes rupture of elastic fibers, leading to the destruc-
tion of the structural integrity of the pelvic floor and increased
risk of prolapse (30).

In summary, MMP and TIMP functions are balanced in
order to regulate ECM anabolism. HOXA11, TGF-f1 and
FBLNS influence the expression of MMPs (16,18,20). It may
be considered that the anabolism and catabolism of ECM are
inseparable and intricate. Decreased anabolism and increased
catabolism are key factors for the onset of POP.

4. OS and POP

OS may cause increased oxidative modification of DNA, lipids
and proteins, and induce mitochondrial apoptosis (31). Its role
in the pathogenesis of POP has received increased attention.
OS is indicated to be able to interfere with key points of elastic
fiber assembly and reduce the quality of elastin (32). A previous
study published in 2013 indicated that the balance of oxidation
and antioxidation in females with POP was disrupted, which
increased the levels of reactive oxygen species (ROS) and
downregulated the TGF-P1 signaling pathway. This caused
inhibition of collagen synthesis and damage to the pelvic
support structure (33). In addition, it has been reported that the
levels of 8-hydroxy-2-deoxyguanosine and 4-hydroxynonenal,
which are biomarkers of oxidative damage and may be used to
determine OS and mitochondrial apoptosis, are involved in the
pathological process of POP (34). Another study determined
that the levels of ROS and the apoptotic rate of fibroblasts were
enhanced following an increase in mechanical stress, which
indicates that mechanical strain promotes the development
of POP by activating ROS (35). A further study concluded
that mechanical strain may activate the PI3K/AKT-mediated
OS signaling pathway, thereby promoting the apoptosis and
senescence of pelvic fibroblasts, and reducing the produc-
tion of collagen (36). A subsequent study also confirmed this
notion (37). Furthermore, reduced OS has been indicated to
promote collagen synthesis, while its overexpression may
interfere with the homeostasis and metabolism of ECM by
affecting the levels of MMPs/TIMPs and the activation of
the TGF-B1/Smad signaling pathway, which in turn results in
induction of POP (38).

Based on these results, it is hypothesized OS hinders the
balance of MMPs/TIMPs and interferes with the TGF-f1/Smad
pathway, which negatively affects the production of elastic
fibers, thereby destroying the pelvic floor support network and
ultimately leading to the occurrence of POP.

5. Genetic susceptibility and POP

It is becoming increasingly accepted that fertility-associated
factors are the most common pathogenic driving factors of POP.
However, this cannot fully explain the development of POP in
nulliparous females without any known risk factors. In addi-
tion, the notable medical history of POP is not only based on
the obstetric and gynecological history, but also on the family
history. In the case of a positive family history, the risk of POP
is increased. Table II displays the evidence that indicates that
genetic factors may be involved in the development of POP. The
majority of the gene mutations currently known to be associ-
ated with POP are located in the coding regions of the genes

Table II. Susceptibility genes of POP.

Proven susceptibility®,

Genetic entity yes/no (Refs.)
COL3A1 rs1800255 Yes (39,40,42 45)

No (41 43,44 46)
COLI1A1 rs1800012 Yes (46)

No (49,51)
LAMCI rs10911193 No (46,48,52)
ESRI1 rs2228480 Yes (47 ,48)

No (49)
PGR rs484389 Yes (53)
MMP1 Yes (51

No (46)
HOXAT11 No (49)
LOXLI1 Yes (54)
FBLNS Yes (55)

No (56)
Chromosomes Yes (57-59)

9q21/10q24-26/17925

*Yes/no refers to whether this gene has been proven to be a suscep-
tibility gene for POP; ‘Yes’ means that it is a susceptibility gene for
POP, while ‘no’ means that there is insufficient evidence to prove
that it is a susceptibility gene for POP. POP, pelvic organ prolapse;
COL1AL, collagen type I a 1; COL3A1, collagen type IIl a 1; ESR1,
estrogen receptor a;; FBLNS, fibulin-5; LAMC1, laminin y-1; MMP1,
matrix metalloproteinases 1; PGR, progesterone receptor; LOXLI1,
lysyl oxidases-like protein 1; HOXA11, homeobox Al11.

encoding for the aforementioned proteins, such as TGF-f1,
FBLNS5 and LOXLI. These mutations may lead to changes
in the functions of those molecules and to the development of
POP with the combined action of environmental factors.

The genetic polymorphism of the collagen type 111 a 1
(COL3A1) gene leads to amino acid changes in the cyl (III)
chain, which may interfere with the mechanical properties
of type III collagen and affect the supporting structure of the
pelvic floor. The single nucleotide polymorphism (SNP) G/A
rs1800255 is located in the coding region of COL3A1 and
has been evaluated as a possible risk factor for POP (39-45).
The conclusions of research on this aspect are conflicting. A
systematic review has summarized pedigree studies on POP
published in 2005-2013 and concluded that only the presence
of the rs1800012 polymorphism of COL1A1 was associated
with the incidence of POP, while the rs1800255 polymorphism
of COL3A1 did not exhibit any significant association with
the development of this disease (46). However, a previous
study published in 2014 performed a genetic epidemiological
assessment on POP and demonstrated that the probability of
developing the disease increased to 4.79-fold in the presence
of the COL3A1 rs1800255 genotype (45). This study further
demonstrated that the polymorphic site rs2228480 of the
estrogen receptor o, which is encoded by estrogen receptor 1
(ESR1), was a susceptibility factor for the development
of POP, which was subsequently confirmed by additional
studies (47,48), although conflicting results have also been
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reported (49). A previous study indicated that miR-221 and
miR-222, two regulatory factors of ESRI, negatively regu-
late the expression of ESR1 in patients with POP (50). The
aforementioned results demonstrated that the ESR1 genotype
may be a predisposing factor for POP and that it may be used
as a potential therapeutic target for this disease. Apart from
the aforementioned genes (COL3A1 rs1800255; COL1A1
rs1800012; ESR1 rs2228480), other genes involved in the
occurrence and development of POP have been discovered,
including MMPI, laminin y-1 rs10911193, progesterone
receptor rs484389, LOXL1 and common SNPs of the
FBLNS gene (rs2018736, rs12589592) (48,51-56). In addi-
tion, genome-wide association studies have determined that
the presence of chromosomes 9q21, 10q24-26 and 17925 is
associated with the susceptibility of European patients with
POP (57-59). However, the susceptibility loci on these chromo-
somes remain to be identified (60).

From aforementioned research, it is important to note
that several research results are contradictory, as indicated in
Table II. As stated by Cartwright ‘many studies were at high risk
of bias from genotyping error or population stratification’ (46),
which may contribute the contradictory results. In addition,
the heterogeneity among studies in terms of differences in
the genetic background of participants and gene sequencing
methods may also led to inconsistent results. The rapid
development of gene expression analysis and high-throughput
sequencing technology has enabled the successful identification
of genes and pathways that may provide detailed information
on the molecular mechanisms underlying POP (61,62). These
genes may be used as potential biomarkers of POP.

6. Reduction in the levels of neurotransmitters of the pelvic
floor

It is well accepted that vaginal delivery and multiple pregnan-
cies lead to overstretching of the pelvic floor nerves and muscles.
During this process, the nerves suffer more damage due to their
weaker ability to withstand traction compared with that of
the muscles (63). Abnormalities in peptide neurotransmitters,
notably vasoactive intestinal peptide (VIP) and neuropeptide
(NPY), reflect the degree of denervation of the pelvic floor
structure, promote pelvic and vaginal blood flow and serve as
a critical marker for evaluating pelvic floor nerve injury (64).
Accumulating evidence has demonstrated that the expression
levels of VIP and NPY in patients with POP are decreased (63,64).
Their absence results in changes in blood flow, muscle atrophy,
local nutritional insufficiency and ultimately dysfunction in the
pelvic floor of females. Furthermore, the decreased expression
levels are associated with the severity of the symptoms (63,64).
To date, only a small number of studies have been performed
to assess the levels of neuropeptides in the pelvic floor, and the
scope to explore the underlying mechanisms of chemical trans-
mitter loss following nerve damage remains limited.

7. Reduced content of estrogen

It has been indicated that increased risk of pelvic floor disease
following menopause may be associated with estrogen defi-
ciency, whereas changes in the expression of estrogen receptors
also affect the risk to females of developing POP (65). A previous

study demonstrated that estrogen may increase collagen turn-
over and positively affect pelvic floor tissue (66). Furthermore,
estrogen has been indicated to stimulate and increase collagen
content, thereby enhancing the resistance of the pelvic floor
network structure (67). It is now widely accepted that following
menopause, the secretion of estrogen in females decreases
rapidly and the connective tissue cannot be repaired effec-
tively, which weakens the function of the supporting network.
Furthermore, it has been indicated that estrogen affects the
content of LOXL1 and the distribution of NPY (68).

Consequently, exogenous estrogen has long been suggested
for the treatment or prevention of POP. It is able to improve
the homeostasis of the pelvic floor; however, it has been noted
to have certain side effects, such as dizziness, endometrial
disease, uterine fibroids and endocrine disorders (69). Although
its therapeutic effects have been reported, there is still insuf-
ficient evidence to prove its effectiveness. According to a
2017 retrospective observational study, the use of exogenous
estrogen and its substitutes has limited benefits for genitouri-
nary syndrome in menopausal females (70). Therefore, the
effectiveness and safety of this treatment should be reviewed
comprehensively and systematically.

8. Discussion

Although POP is not life-threatening, it may be painful,
embarrassing and uncomfortable. Its incidence and prevalence
increase with age. The risk factors for POP are considered to
include age, parity, vaginal delivery, obesity, diabetes, previous
hysterectomy and connective tissue diseases. To prevent
POP, the BMI is the only risk factor that may be controlled.
Generally speaking, parity and delivery methods may be
changed, whereas in practice, POP is rarely taken into consid-
eration. Therefore, it is crucial to further explore its underlying
molecular mechanisms, unravel the complex causal network
composed of factors such as heredity, reproductive factors and
lifestyle, and seek improved prevention and treatment targets.
Since the technology on bioinformatics and gene microarray
had made great progress in in recent years, the revision and
supplementation of previous data is required.

The present review summarized the molecular mecha-
nisms of POP into five aspects, including the metabolism
of ECM, OS activation, genetic susceptibility, pelvic floor
denervation and reduction of estrogen infiltration. In addition,
the following strategies are proposed with regard to preven-
tion: i) High-risk groups should attempt to avoid pathological
conditions with increased abdominal pressure, such as chronic
cough; and ii) females with a family history should undergo
genetic testing and POP screening as soon as possible.
Furthermore, the following strategies were adopted with
regard to treatment: i) Although the use of estrogen following
menopause may be promising, further investigation is required
to confirm its efficacy; ii) the choice of treatment method
(conservative or surgery) should rely on the collaboration
between specialized teams and shared decision-making with
patients; and iii) in addition to improving the symptoms of the
patients, attention should be paid to their quality of life and
mental health. Investing additional manpower and resources
to systematically evaluate the mechanisms of POP is beneficial
to both prevention and treatment. Comprehensive utilization of
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multidisciplinary approaches may provide breakthroughs and
novel ideas for studying the pathogenesis of POP.
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