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Pelvic organ prolapse (POP) is a concerning gynecological benign illness in middle-aged and senior women. Its etiology is complex, the incidence rate is high, symptoms are clinically subjective, and its influence tends to be polarized. At present, for those who need medical treatment, whether surgical or non-surgical, complications cannot be ignored, and treatment effect needs to be optimized. However, there is a lack of accurate molecular biological interventions for the prevention, diagnosis, progression delay, and treatment of POP. Here, we reviewed the current state of understanding of the molecular mechanisms and factors associated with POP etiology. These factors include cyclins, matrix metal peptidases/tissue inhibitors of metalloproteinases, microRNAs, homeobox A11, transforming growth factor β1, insulin-like growth factor 1, fibulin 5, lysyl oxidase-like 1, oxidative stress, inflammatory response, estrogen, and other potential biomarkers associated with POP. In addition, relevant molecular targets that may be used to intervene in POP are summarized. The aim of this review was to provide more information to identify accurate potential biomarkers and/or molecular targets for the prevention, diagnosis, progression delay, and treatment of POP, with the goal of improving medical treatment for patients at-risk for POP or having POP. Continued research is needed to identify additional details of currently accepted molecular mechanisms and to identify additional mechanisms that contribute to POP.
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1. Introduction

The current understanding of the pelvic organ prolapse is mostly based on the integral theory of the pelvic floor proposed by Petros and Ulmsten, the theory of “Levels of Support” proposed by Delancey, and the theory of “Boat in dry dock” proposed by Norton (1–3) (Figures 1–3), Pelvic organ prolapse (POP) is considered to be a disease of pelvic floor defects caused by vulnerability of the support structure owing to diverse factors, and then leads to the decline and displacement of pelvic organs, resulting in anomalous anatomical location and dysfunction (4). The etiology of POP is complex and diverse, and it is generally divided into microfactors, such as cyclin, matrix metal peptidases/tissue inhibitors of metalloproteinase (MMPs/TIMPs), and microRNAs (miRNAs); and macrofactors, such as age, vaginal delivery, obesity, and chronic respiratory diseases (4, 5). Despite extensive research on the etiology of POP, it has not been fully clarified. In addition, the clinical symptoms and effects of POP are diverse and tend to be generally polarized. Many women show asymptomatic POP, which may only be detected via a routine gynecological physical examination; such cases are not considered pathological and life and work are unaffected (5). However, symptomatic patients with POP may experience abnormal pelvic pressure, vaginal prolapse, dysfunctional urination and defecation, and sexual dysfunction (4, 5). Some patients have other complications, such as tissue ulcers, bleeding, and infection, which seriously affect quality of life and mental health (4, 5). It is reported that about 40% of women will suffer from pelvic organ prolapse (4), and this is predicted to climb as the population ages. By 2050, the number of women suffering from POP in the United States is projected to increase by approximately 50% (5). The total number of women undergoing POP surgery is anticipated to increase from 166,000 in 2010 to 245,970 in 2050 in United States (6). Besides, complications of POP cannot be ignored. At present, clinical treatment of POP can be classified as nonsurgical or surgical. Nonsurgical treatment may have complications such as tissue ischemia, necrosis or fistula formation, incarceration, bleeding, and infection (5), whereas complications from surgical treatment include mesh erosion, lower urinary tract symptoms, sexual dysfunction, and recurrent prolapse (5, 7). These phenomena cannot be ignored, and the therapeutic effect needs to be optimized. There remains a lack of accurate molecular biological intervention for POP. In this study, we reviewed and summarized the current knowledge of the molecular mechanisms of POP etiology associated with cyclins, MMPs/TIMPs, miRNAs, homeobox A11 (HOXA11), transforming growth factor β1 (TGF-β1), insulin-like growth factor 1 (IGF-1), fibulin 5 (FBLN5), lysyl oxidase-like 1 (LOXL1), oxidative stress, inflammatory response, estrogen, and biomarkers (Figure 4). This review aimed to clarify POP pathogenesis and provide more accurate potential biomarkers and intervention targets for the prevention, diagnosis, progression delay, and treatment of POP. However, as other, yet unknown, mechanisms may also lead to POP, further research is required in this field (Figures 1, 2).
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FIGURE 1
 In 1990, Petros and Ulmsten first proposed the integral theory of the pelvic floor. It points out that different levels of vaginal support axis in different compartments together constitute an anatomical and functional organic whole, and weakening any structure will lead to the imbalance of the whole function, resulting in pelvic floor dysfunction disease. PS, pubic symphysis; PUL, pubourethral ligament; PCM, pubococcygeus muscle; ATFP, arcus tendineus fascia pelvis; PB, perineal body; PCF, pubocervocal fascia; EAS, external anal sphincter; PRM, pubic rectum muscle; RVF, rectovaginal fascia; LMA, longitudinal muscle of anus; LP, levator plate; USL, uterosacral ligament; S, sacrum; R: rectum; B, bladder; UT, uterus.
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FIGURE 2
 In 1994, theory of “Levels of Support” was proposed by Delancey, level 1 (A) is the upper supporting structure (main ligament-uterine low ligament complex); level 2 (B) is the lateral supporting structure (levator ani muscle group and bladder, rectovaginal fascia), level 3 (C) is the distal supporting structure (perineum and sphincter).
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FIGURE 3
 “Boat in dry dock” conception of pelvic floor disorders. As shown in panels (A–D), the boat represents the pelvic floor organ, its berthing represents the pelvic ligaments and fascia, and the water represents the pelvic floor musculature. (A) Normal pelvic floor tissues and (B–D) evolution of pelvic organs after progressive damage to the pelvic floor support tissue.
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FIGURE 4
 Core factors involved in pelvic organ prolapse (POP). MMPs/TIMPs, matrix metal peptidases/tissue inhibitors of metalloproteinases; TGF-β1, transforming growth factor β1; miRNAs, microRNAs; LOXL1, lysyl oxidase-like 1; HOXA11, homeobox A11; IGF-1, insulin-like growth factor 1; FBLN5, fibulin-5; oxidative stress, inflammatory response, estrogen, and other potential biomarkers.




2. Cyclin

Some cell cycle regulatory proteins are involved in the metabolism of collagen and other extracellular matrix (ECM) proteins, resulting in POP. For example, p53 is a tumor suppressor protein that monitors whether cells should continue their cell cycle, and p21, an inhibitor of G1 cyclin-dependent kinase, which regulates the initiation and progression of the cell cycle. By regulating p21, p53 inhibits the abnormal high-level proliferation and growth of cells in the ECM (8, 9). In one study, the expression of p53 and p21 decreased in prolapsed fibroblasts, and thus cells could not enter the inactive period, but they could enter the S phase from the late G1 stage (9). This led to decreased elastin synthesis and deposition, resulting in weakness or even loss of the supporting function of the pelvic connective tissue. Similarly, another study (10) on cell aging showed that the protein level of p53 was significantly lower in main ligament fibroblasts in patients with uterine prolapse compared with that of the control group,. The decrease in p53 protein expression in prolapsed fibroblasts may lead to higher proliferation activity and decreased synthesis and deposition of ECM components; the functional changes in supporting ligament fibroblasts were related to the mechanism of uterine prolapse. Further research (11) showed that p53 and p21 were lower in the uterosacral ligament (USL) of patients with POP than in non-POP patients, and that the levels of the two protein were positively correlated. This low expression is believed to lead to abnormal fibroblast proliferation in the pelvic support system, reduce the synthesis of elastin and other ECM components that should be secreted during the inactive period, and decrease connective tissue in support structures, such as the USL, which is considered to be linked to the appearance of POP. Furthermore, low expression of p53 in the USL increased the risk of uterine prolapse (POP-Q stage III-IV) 20.25 times, suggesting an effect on the metabolic balance of the ECM associated with the USL, resulting in insufficient elasticity of the ligament to support the pelvic organs (12). Therefore, through proper regulation of the expression of p53 and p21, the synthesis of ECM components such as elastin may be increased, and the macroscopic supporting structure of the pelvic floor may be strengthened, which would be beneficial for alleviating POP (Figure 3).



3. MMPs/TIMPs

MMPs are a family of zinc-dependent endopeptidases that participate in degrading a variety of ECM proteins, including collagen and elastin. TIMPs bind to MMPs in a 1:1 stoichiometric ratio, inhibiting MMP activity, and the MMP/TIMP ratio usually decides the degree of decomposition of ECM proteins and tissue reshaping (13). According to one study (14), type I collagen expression decreased and MMP-1 expression increased in the USL of patients with POP compared with that of the control group, suggesting an association with POP regulation. Another study (15) showed that MMP-2 and MMP-9 was more likely to be elevated in patients with POP with low amounts of collagen, indicating that an increase in these proteolytic enzymes is related to human POP disease. However, some different results were observed in other studies. For example, Gabriel et al. (16) discovered that when compared with the control, MMP-2 in the USL of patients with POP was enhanced, while MMP-1 was not. In contrast, another study (17) revealed that the expression of MMP-1 increased in patients with POP, but no difference in MMP-2 expression was found. Despite these differences in results, it is generally believed that an increase in proteolytic enzymes is closely related to prolapse. Further research (18) showed that women with POP had higher MMP-2 and lower TIMP-2 mRNA and protein expression in the USL than that of women without POP. Thus, an increase in MMP-2 expression and a decrease in TIMP-2 expression results in an increase in the degradation of ECM, which may lead to pelvic floor tissue defects and ultimately contribute to POP. A subsequent study (19) showed that in patients with POP, the expression level of MMP-2 gelatinase activity and ADAMTS-2 (procollagen I N-proteinase; a disintegrin and metalloproteinase with thrombospondin motifs) was increased in pelvic floor tissue. In addition, MMP-12 protein expression was upregulated in patients with POP in the proliferative phase of the menstrual cycle, while expression of TIMP-1–4 genes and TIMP-1 protein, which antagonizes MMPs, was decreased. These results suggest that an imbalance in the MMPs/TIMPs system may lead to connective tissue defects, which may result in POP. Therefore, it seems feasible that blocking ECM degradation by downregulating MMPs/TIMPs could be used to interfere in the occurrence and progression of POP (Figure 4).



4. miRNAs

miRNAs are noncoding small RNAs belonging to the family of gene regulatory factors that affect many biological functions, including cell proliferation, differentiation, apoptosis, organ development, and aging, by regulating the translation of mRNAs (20, 21). Recently, miRNAs have been the focus of considerable research, including in association with POP. For example, one study (22) confirmed that, compared to patients without POP, miR-19-3p expression increased, whereas expression of type I collagen and IGF-1 decreased in patients with POP. miR-19-3p contributed to vaginal fibroblast autophagy and apoptosis, and inhibited the production of type I collagen in POP via the protein kinase B (Akt) /mTOR/p70S6K pathway by targeting IGF-1. Another study (23) demonstrated that, compared with non-POP groups, the expression level of miR-4,429 in human USL fibroblasts from patients with POP decreased, and that miR-4,429 overexpression reduced the increase in phosphatase and tensin homolog (PTEN) expression and fibroblast apoptosis. In addition, compared with the control group (pelvic organ prolapse quantitation POP-Q < stage II), the expression of miR-30d and miR-181a in the USL of the POP group (POP-Q ≥ stage II) significantly increased (24), which shows that these miRNAs are related to POP. Both of these miRNAs are important post-transcriptional regulators of HOXA11, and abnormal expression of these miRNAs may also contribute to the pathogenesis of POP through pathways other than HOXA11 dysregulation. It can be seen that the decrease in miR-19-3p expression and the overexpression of miR-4,429 may lower the occurrence of POP by regulating the proliferation, differentiation, and apoptosis of fibroblasts. However, the decrease in miR-30d and miR-181a will negatively affect POP. These miRNAs may be used as biomarkers or potential molecular targets for clinical monitoring and intervention of POP.



5. HOXA11

HOXA11 is a transcription regulator that influences the development of urogenital embryos and the USL of mice and humans. POP is related to a decrease in HOXA11 and type III collagen expression, and an increase in MMP-2 expression in humans. In a mouse model with HOXA11 deficiency, in vitro studies verified that The directional deletion of Hoxa11 in mice led to an absent development of the USL. In addition, expression of HOXA11 decreased MMP-2 and increased type III collagen in the mouse fibroblasts, which benefitted collagen synthesis over degradation (25). A signal conduction defect in HOXA11 may lead to functional development or repair defects in the USL, which will alter the biomechanical strength of the USL and lead to the development of POP. Furthermore, the cytoarchitecture and smooth muscle content of the USL in women with prolapse were both reduced compared with that of women with normal pelvic support (26, 27). In addition, the number of cells in the USL of women with POP was reduced, as was the expression of HOXA11. HOXA11 can promote the proliferation of mouse fibroblasts and primary human USL cells in vitro, indicating that the decrease in HOXA11 in the USL of women with POP leads to a decrease in cell proliferation. Moreover, the expression of HOXA11 not only increased cell proliferation, but also decreased p53 expression, indicating that HOXA11 is involved in the regulation of the p53 inhibiting signal transduction pathway, promoting cell proliferation, and possibly reducing apoptosis (28). Using a Hoxa11-knockout (KO) model, the expression levels of type I and type III collagen and TIMP1 in the USL were shown to be significantly decreased. Meanwhile, the levels of pro-MMP-2, pro-MMP-9, and activated MMP-2 increased (29). These results indicate that Hoxa11-KO enhanced ECM degradation by regulating the expression level of the MMP/TIMP system, which is the likely mechanism by which the female pelvic floor support weakens. In addition, HOXA11 and TGF-β1 have a synergistic effect on the expression levels of collagen and MMPs (30), which jointly promote the synthesis of collagen, inhibit its degradation, and help inhibit POP. The decrease in ECM caused by the reduction of HOXA11 and TGF-β1 is a key factor in POP. Therefore, we speculate that the expression of HOXA11 can not only promote fibroblast proliferation by regulating the cell cycle, but also increase the ECM by regulating MMP/TIMP, which hinders the occurrence and progression of POP. Furthermore, the synergistic effect of HOXA11 and TGF-β1 also helps prevent the occurrence of POP. HOXA11 may be a potential biomarker for POP intervention.



6. TGF-β1

TGF-β1 is a profibrotic cytokine that is widely involved in fibrosis and degenerative fibrosis disease. The cytokine can induce fibroblast differentiation in cells from different tissues, leading to ECM deposition and secretion of paracrine and autocrine growth factors; moreover, TGF-β1 is important for fibroblast proliferation and ECM metabolism (31). However, in previous studies, the role of TGF-β1 in POP differed. Qi et al. (32) reported that TGF-β1 in pubic cervical fascia was negatively correlated with POP. In contrast, Mijerink et al. (33) reported that TGF-β1 in the vaginal wall was positively correlated with POP, while Leegant et al. (34) did not find any difference in TGF-β1 expression between USL samples (POP-Q ≥ II) and non-POP controls. However, in recent years, TGF-β1 has been shown to be negatively correlated with POP or its stages (30, 35–38). In one study (35), excessive mechanical stress and H2O2 treatment of USL fibroblasts reduced the level of TGF-β1, which was proven to reduce cell proliferation and ECM components, while increasing the ratio of MMP-2/TIMP2 mRNA. This indicated that the TGF-β1 signaling pathway could affect ECM remodeling by disrupting the MMP/TIMP balance. Another study (36) showed that TGF-β1 pretreatment could stimulate TIMP-2 synthesis and inhibit MMP-2/9 activity through the TGF-β1/Smad3 signaling pathway, reducing the loss of ECM in POP USL fibroblasts subjected to excessive mechanical stress. A recent study (37) showed that the expression of TGF-β1 was similar between symptomatic patients with POP and the controls, who did not show any signs of prolapse. Compared with moderate/mild cases, TGF-β1 was more commonly expressed in severe prolapse, suggesting its association with the progression of POP (i.e., repair after injury). Another recent study (38) showed that the expression of phospho-p44/42 and TGF-β1 declined in patients with POP than without POP and it was positively related to collagen expression; the low-level of expression was deemed to be linked to the presence of POP. In addition, further study (39) proposed that the crosstalk between calpain and TGF-β1 activated the TGF-β1 Smad2/3 and non-Smad (Akt) pathways, enhancing type I collagen synthesis in human lung fibroblasts and pulmonary fibrosis. This may also be one of the mechanisms of POP. According to the above research findings, TGF-β1 may have a role in the occurrence and/or progression of POP by negatively regulating collagen synthesis and interfering with ECM metabolism. However, based on some differences in the findings of the above studies, further research is needed to clarify its molecular biological mechanism.



7. IGF-1

IGF-1 belongs to the insulin-like growth factor family, which includes insulin-like polypeptides mainly synthesized by the liver. IGF-1 can regulate ECM metabolism and various biological processes, such as cell proliferation, differentiation, and apoptosis (40, 41). One study (40) have shown that IGF-1 levels in vaginal wall tissues were lower in patients with POP than in non-POP controls, and it induced the proliferation of vaginal wall fibroblasts, activated mitogen-activated protein kinase (MAPK) and nuclear factor-κ-gene binding (NF-κB) pathways, promoted the metabolism of type I and III collagen another study (42) reported that IGF-1 can be used as an inhibitor of apoptosis and it may also stimulate fibroblasts to release ECM molecules, such as polysaccharides and proteins. Further study (22) proposed that, the expression of IGF-1 decreased in the vaginal wall of patients with POP, and it inhibited autophagy and apoptosis and promoted expression of type I collagen, affecting the metabolism of the ECM by activating the Akt/mTOR/p70S6K pathway in vaginal fibroblasts. In all, IGF-1 may stimulate the proliferation of fibroblasts; activate Akt/mTOR/p70S6K, MAPK, and NF-κB pathways; promote collagen synthesis; and block the occurrence and progression of POP.



8. FBLN5 and LOXL1

FBLN5 is a calcium-dependent elastic fiber-related protein belonging to the short fibrin family (43). LOXL1 belongs to the family of lysyl oxidases, and it activates tropoelastin through specific localization and binding with the fibrin-5 domain. Tropoelastin is converted to mature elastin through covalent crosslinking, which is crucial for the synthesis and assembly of elastic fibers (44). However, as discussed here, studies on FBLN5 and LOXL1 in humans have produced conflicting results. Kluetke et al. (45) measured the elastin protein content in the USL using western blot analysis and LOXL1 and FBLN5 mRNA levels using real-time quantitative polymerase chain reaction (RT-qPCR). They found that compared with women with normal pelvic support, the level of LOXL1 in the USL biopsy of the POP group (POP-Q ≥ III) was reduced, while that of FBLN5 was increased, and the elastin content decreased significantly. In a similar study using the same techniques, Jung et al. (46) found that the mRNA and protein expression levels of FBLN5 significantly decreased in the advanced POP (POP-Q III-IV) group, while that of LOXL1 increased compared with that of the non-prolapsed group. Although both authors used similar tissue samples and detection techniques, they observed opposite results. Kluetke et al. (45) surmised that the increased expression of FBLN5 might be a secondary effect of tissue injury in patients with POP; it has been shown that the level of fibrin-5 mRNA increases when lung tissue is injured by elastase (47). Jung et al. (46) interpreted the increase in LOXL1 expression as a compensatory mechanism secondary to abnormal crosslinking, although the structural disorder of elastin has not been studied. Recently, Garcia et al. (48) used western blotting and an enzyme-linked immunosorbent assay (ELISA) to quantify LOXL1 and FBLN5 protein expression in vaginal secretions of women with and without POP; LOXL1 protein expression was higher in patients with POP, while the expression of FBLN5 did not significantly differ between the two groups. The increase in LOXL1 expression was believed to reflect a compensatory mechanism in women with POP. This also seems to be in agreement with the findings in most studies that FBLN5 is reduced in POP, although the statistical significance has not been demonstrated. In another study (49), immunohistochemical staining revealed a decrease in expression of FBLN5 and LOXL1 in abdominal hysterectomy ligament samples of the POP group (POP-Q ≥ II) compared with the control group, suggesting that this low expression may be important in weakening the supporting structure of the pelvic floor. Similarly, Takacs et al. (50) showed that FBLN5 mRNA and protein levels were significantly lower in women with anterior vaginal wall prolapse than in women without anterior vaginal wall prolapse, and this low expression was considered to be involved in POP. Alarab et al. (51) reported that LOXL1 mRNA and protein expression in the vaginal tissue of POP group was lower compared with that in asymptomatic control group, which may have led to assembly defects in the pelvic tissue. In addition, a large number of animal model experiments have also been carried out to help elucidate the possible role and related mechanism of FBLN5 and LOXL1 in POP, as discussed below.


8.1. FBLN5

A previous study (52) showed that compared with wild-type (WT) mice, Fbln5-deficient mice exhibited the same phenotype as that of women with POP, such as descending and extending vagina and cervix, bulging vaginal wall, increased genital hiatus, and bulging bladder in some cases. As young as 3 months old, virgin Fbln5-KO mice developed a bulging urogenital system. By 6 months, 92% (33/36 cases) of the female Fbln5-KO mice had POP. Severe prolapse occurred in mice aged ≥6 months. In this case, a defect in Fbln5 was thought to be related to POP. In addition, in Fbln5-KO mice, pelvic floor suspension connective tissues, such as the USL, were either missing or stunted. Moreover, in the older (6 months old) Fbln5-KO mice, the USL in females was either missing or weakened, indicating that FBLN5 is related to defective congenital development, weakness, and acquired repair of the pelvic floor support structure. Another study (53) showed that compared with WT mice, approximately 90% of Fbln5-KO mice prolapsed with age. Compared with non-pregnant mice, Fbln5-KO prolapsed mice showed biomechanical changes, such as decreased hardness, decreased maximum load, and increased expansibility, indicating that impaired elastin function and pelvic floor biomechanical changes led to prolapse. In addition, compared with those in WT mice, MMP-9 and MMP-2 levels were enhanced in the vaginal tissues of mature Fbln5-KO mice, the pelvic organ support deteriorated progressively, and 90% of Fbln5-KO mice prolapsed at the age of 6 months (54). Notably, the lack of Fbln5 expression in the vaginal wall not only contributed to genetic defects in the synthesis and assembly of elastic fibers, but it also led to increased protease activity and elastin decomposition, which inhibited the repair or synthesis of new elastic fibers. This was also believed to be the cause of the failure of matrix regeneration in connective tissues supporting the pelvic floor and the occurrence of POP. By negatively regulating the interaction of β1 integrin and fibronectin in the vagina of mice, FBLN5 inhibited the pro-MMP-9 and active MMP-9, increased the density of elastic fibers, and improved collagen fibers, which was not conducive to POP (15). In addition to the upregulation of MMP-2 and MMP-9, serine protease inhibitors (serpina1a [a1-antitrypsin] and elafin) were reduced in vaginal tissues of POP and were dysregulated in the epithelium of Fbln5-deficient mice. MMP-9 and a trypsin-like serine protease were upregulated in the Fbln5-KO mice. PRSS3, a major extra-pancreatic trypsinogen, is expressed in human vaginal tissues (55). It is suggested that other proteases and protease inhibitors are also involved in POP, and the balance between proteases and their inhibitors may provide insight into POP in humans and mice. The histological changes were further verified, for example, in Fbln5-deficient mice (55), no change was seen in the size of perineal eminence over the course of the gravidity. However, elastic fiber breakage and inflammatory infiltration appeared in the vaginal wall at the beginning of the postpartum period (2–24 h). The seriousness of POP increased nearly 1 week after delivery, which further showed that the deletion of Fbln5 contributed to failed repair of the birth-related injury. A study of vaginal dilation using a balloon to simulate labor (56) showed that the activities of MMP-2 and MMP-9 increased in the vaginal wall of non-gravid and gravid animals, with noticeable fragmented and broken elastic fibers in the vaginal wall. Compared with WT mice, vaginal dilation led to accelerated POP in non-pregnant Fbln5-KO mice, which never recovered. Similar to the results of previous studies, it can be seen that FBLN5 is also important for the protection and recovery of labor- and elastase-induced prolapse. In addition, another study of vaginal dilatation-simulated childbirth (57) showed that the levels of markers(p53 and γ-H2Ax) of cell senescence decreased in WT mice 1 week after distention, but not in Fbln5-KO mice. This suggests that WT mice can carry out cell proliferation and repair 1 week after injury; however, in Fbln5-KO mice, aging markers cannot be downregulated to repair tissues, leading to the accumulation of cell senescence and destruction of the ECM and connective tissue, which may be a potential injury mechanism of POP. Furthermore, PTK7 and β-catenin, which are involved in elastin production after vaginal mechanical expansion, were upregulated in WT mice, but not detected in Fbln5-KO mice, indicating that these proteins may also participate in POP in Fbln5-KO mice (58). In summary, FBLN5 deficiency seems to affect the pathology of POP by not only promoting an increase in markers of cell senescence and proteases/protease inhibitors, but also by reducing β1 integrin and fibronectin.



8.2. LOXL1

Liu et al. (59) showed that spontaneous pelvic floor disorder developed slowly in nulliparous Loxl1-KO mice. At the age of 1 year, approximately 50% of cases showed signs of pelvic organ decline, whereas WT animals did not show signs of POP or decline at 18 months. LOXL1 is associated with POP. Besides, POP occurs in mice with a Loxl1 mutation after giving birth to either the first or second cub; however, no prolapse occurres in WT mice in the same age range (3–7 months). Parturition may be the most important trigger of POP in female Loxl1-KO mice. Lee et al. (60) also confirmed the above conclusion and reported that Loxl1-deficient mice could not rebuild standard elastic fibers during the reshaping of reproductive tract connective tissues after pregnancy and delivery, which contributed to POP. Liu et al. (61) showed that Loxl1-deficiency prevented deposition of normal elastic fibers in the uterus after delivery and demonstrated pathological manifestations of elastic fiber functional defects, such as POP, skin relaxation, and vascular abnormalities. Thus, LOXL1 plays an important part in the synthesis and assembly of elastic fibers in the process of pelvic floor injury repair. Alperin et al. (62) verified the change in mechanical properties in the vagina; compared with age-matched WT animals, Loxl1-deficient animals exhibited poor biomechanical properties of the vaginal supporting tissue complex. This characteristic was thought to be due to overall structural defects in the connective tissue rather than the loss of vaginal support itself. Morphometric analysis of elastic fibers in the cultivation of vaginal tissues demonstrated that compared with WT mice, the aspect ratio of elastic fibers in Loxl1-KO mice at 3 weeks of age was significantly smaller, proving that there was an increased number of shorter and broken elastic fibers (63). This showed that there was continuous elastic decomposition activity in the culture tissue of Loxl1-KO cells, suggesting that both quantitative and qualitative facets of elastic fibers may be involved in the pathophysiology of POP. The results of a separate study (37) showed that compared with the levels in WT mice, the total and unit cell amounts of elastin and unit cell amount produced by non-epithelial vaginal cells in LOXL1-deficient mice were significantly reduced, while the ratio of MMP-9/TIMP-1 was relatively high. A recent study by Couri et al. (64) indicated that in contrast to WT mice, the mRNA levels of chemokine C-X-C motif ligand 12 and chemokine C-C motif ligand 7 (mediators of inflammatory response) were differentially upregulated in the tissues of virgin Loxl1-KO mice, and they were significantly upregulated in the vagina, urethra, bladder, and rectum of pregnant Loxl1-KO mice. However, in Loxl1-KO mice after vaginal childbirth, cytokines were expressed differently in terms of time, tissue, and concentration. Furthermore, the urethra and vagina may be especially susceptible to delivery injury. Based on the above studies, we concluded that LOXL1 deficiency may play a role in elastin synthesis and assembly by downregulating TGF-β1 activity and upregulating MMPs/TIMPs, chemokine C-X-C motif ligand 12, and chemokine C-C motif ligand 7 in POP. Moreover, LOXL1 deficiency seems to be particularly important in the repair process after an injury, such as a childbirth-related injury.

In summary, we can see that the results using animal models are consistent, suggesting that defects in Fbln5 and Loxl1 are involved in the pathological process of POP through different mechanisms. However, the different results reported for studies in humans may be related to the complexity of the structure and mechanisms at play in the human body, but differences in research design cannot be ruled out; thus, further research is needed.




9. Oxidative stress

Oxidative stress is caused by an imbalance in the oxidative and antioxidant defense system in cells, tissues, or organs, which leads to the accumulation of reactive oxygen species (ROSs), and oxidative damage of DNA, lipids, and proteins (65). The levels of oxidative stress biomarkers are higher in the pelvic floor of patients with POP than in control patients; these include isoprostanes (66), 8-hydroxy-2-deoxyguanosine (8-OHdG), 4-hydroxy-2-nonenal (4-HNE) (67), advanced glycation end-products (AGEs) (68–70), and mitofusin2 (Mfn2) (71–75). In contrast, the levels of antioxidant markers are lower in patients with POP than in control patients; these include glutathione peroxidase, superoxide dismutase (76), and nuclear factor erythroid-2-related factor 2 (Nrf2) (77). This may lead to damage of the pelvic floor tissue and contribute to the development of POP by regulating the MMP/TIMP balance (66) and inducing mitochondrial apoptosis (67) and other signal transduction pathways (68–79). One study (66) showed that the level of isoprostanes was higher in the fibroblasts of the main ligament and urine samples of women with uterine prolapse than in women without uterine prolapse, and MMP-2 mRNA expression in the main ligament of patients with uterine prolapse significantly increased. Oxidative stress is involved in POP, especially uterine prolapse, through direct regulation of the ECM or post-transcriptional regulation of MMP-2 by isoprostanes. Oxidative stress markers 8-OHdG and 4-HNE were markedly higher in the USLs of patients with POP (POP-Q III or IV stage) than in controls (67). In addition, a significant positive correlation was observed between oxidative stress markers and mitochondrial apoptosis markers in pelvic supporting connective tissue of patients with POP (67), indicating that oxidative stress weakens the pelvic-supporting tissue in patients with POP and suggesting a possible mechanism for mitochondrial apoptosis in the USL. Chen et al. (68) reported that the level of AGEs was higher in prolapsed tissues, while that of type I collagen was lower. Further experiments (69) showed that MMP-1 levels were higher in human vaginal fibroblasts of patients with POP than in controls. In addition, AGEs inhibited vaginal fibroblast proliferation in patients with POP and decreased the expression of type I collagen via receptor of advanced glycation end products (RAGE) and/or MAPK and nuclear factor-κB (NF-κB) pathways, which affects ECM metabolism and weakens the supporting structure of the pelvis. Vetusch et al. (70) showed that compared with the non-POP group, the anterior vaginal wall in the POP group exhibited a disordered normal myometrium structure and had upregulated AGE, extracellular signal-regulated kinase 1/2 (ERK1/2), Smad-2/3, MMP-3, and type III collagen in the myometrium. AGEs, ERK1/2, and Smads 2/3 may participate in the pathogenesis of POP. Mfn2 is a transcription product of oxidative stress and a crucial regulator of mitochondrial fusion and division, which is related to proliferation, apoptosis, and signal transduction (71, 72). The level of Mfn2 increased in USL fibroblasts obtained from patients with POP and decreased procollagen, and the increase in Mfn2 inhibited fibroblast proliferation and the cell cycle by regulating the Ras/Raf/ERK pathway (73–75). A decline in antioxidant defense ability is also involved in POP. Compared with the control group (POP-Q ≤ II stage), the expression of OHdG and 4-HNE in the main ligament in the POP group (POP-Q III-IV) were higher. However, the protein levels and enzyme activities of mitochondrial superoxide dismutase (MnSOD) and glutathione peroxidase 1 (GPx1) were lower. Compared with mild POP, the oxidative damage to pelvic-supporting ligaments in female patients with severe POP increased, while the antioxidant defense ability decreased. Thus, the accumulation of ROSs and a decrease in antioxidants may be involved in development of POP. In addition, Nrf2 and GPx are key transcription factors implicated in controlling the anti-oxidant defensive system (76). Lin et al. (77) analyzed discussed the expression of cyclooxygenase-2 (COX-2) and Nrf2/GPx3 in the lamina propria of the anterior vaginal tissue of women with or without POP. They showed that the arrangement of collagen fibers in the anterior vaginal wall was disordered and discontinuous in the POP group relative to the non-POP patients. The levels of Nrf2, GPx3, TIMP1, and type I and III collagen decreased significantly, while those of COX-2, prostaglandin E2, and MMP2 increased significantly in the POP group compared with those of the control group (77). These results demonstrated that oxidative stress and inflammation are closely related to POP. When exogenous H2O2 was used to treat primary cultured sacral ligament fibroblasts to establish the original oxidative stress cell model (78), it was concluded that oxidative stress might participate in the disorder of collagen metabolism by inhibiting the synthesis and metabolism of collagen or indirectly regulating MMPs, TIMPs, and TGF-β1. This had a negative effect on ECM production, destroying the pelvic floor support network, and likely participating in the pathophysiology of POP. Activation of the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/Akt signaling pathway leads to the accumulation of ROSs, promotes the aging and apoptosis of fibroblasts in pelvic tissues and a decrease in type I collagen, and leads to the relaxation and dysfunction of pelvic support (79). In addition, AGEs regulate the miR-4,429/PTEN/PI3K/Akt pathway, inducing apoptosis of human USL fibroblasts, which contributes to POP (23). Taken together, these studies indicate that oxidative stress leads to fibroblast apoptosis through complex molecular biological mechanisms and interferes with the metabolism of ECM, leading to the dysfunction of the pelvic floor support network. By monitoring oxidation and antioxidant markers in the pelvic floor support system, effective intervention programs may be formulated to block signaling pathways and ultimately prevent the pathophysiology of POP.



10. Microenvironment of the inflammatory response

In an examination of the inflammatory environment in the pelvic floor, patients with POP exhibited a higher level of inflammation in vaginal tissues than did controls with non-prolapsed tissues, which confirmed that the extensive changes in the inflammatory environment in the pelvic floor are part of the pathogenesis of POP (80). A further study (79) showed that COX-2, prostaglandin E2, and MMP-2 are more highly expressed in POP patients than in non-POP patients. The release and expression of inflammatory cytokines in the front vaginal wall in the POP group were greater than in the control group, which may affect collagen metabolization and lead to POP. In addition, the interaction of inflammation and oxidative stress further worsened the pelvic floor branch system. In an analysis (81) of severe anterior vaginal wall prolapse (AVP) tissue at the single-cell level, members of the FOS/JUN family, hyaluronan (HA) degradation genes, HA receptors, and collagen endocytic receptors (MRC1 and MRC2), which are thought to be related to the inflammatory response, were all upregulated in macrophages in POP samples. Moreover, IL18-CD48 pro-inflammatory cytokine interactions were discovered in fibroblasts and immune cells, and IL1B–IL1R1 inflammatory activators and their interactions were discovered in smooth muscle cells. These findings further support that inflammation is involved in POP and that the inflammatory microenvironment could be a key factor in POP intervention; however, further research is needed to enrich our understanding of the molecular biological mechanisms involved.



11. Estrogen

The role of estrogen in POP is controversial. It is generally believed that the high incidence of POP after menopause is due to the rapid decline in female estrogen secretion, the weak supporting structure of the pelvic floor, the downward displacement of pelvic organs, and the emergence of pelvic floor dysfunction (82, 83). However, a randomized, double-blind, placebo-controlled, multicenter study by Marschalek et al. (84) showed that there was no difference in subjective prolapse-related complaints over a 6 week period in patients using preoperative vaginal estrogen cream and placebo cream groups. This suggested that preoperative locally applied estrogen does not ameliorate prolapse-associated symptoms in postmenopausal women with symptomatic POP. However, the findings also indicated that longer observation time intervals may be needed. Jackson et al. (85) conducted a double-blind, placebo-controlled study for 6 months on postmenopausal women with stress urinary incontinence treated with estradiol valerate. The study showed that compared with the placebo control group, total collagen, mature crosslink histidinohydroxy lysino norleucine, AGEs, and non-fluorescent compound-1 (NFC-1) decreased in the periurethral biopsy tissues of the treated group. However, levels of pro-MMP-2 and immature crosslinked hydroxylysinoketo-norleucine increased significantly, while collagen type I/III ratios did not differ significantly between groups. These results suggested that estrogen therapy leads to increased protease activity, degradation of collagen and AGEs, and increased levels of immature protein. Furthermore, the results suggested that aged collagen degradation was only an initial reaction to estrogen stimulation.; a prolonged exposure interval may be needed to demonstrate the whole collagen content In an in vitro study (86), 17β-estradiol inhibited the proliferation of fibroblasts from the main ligament of patients with and without POP, but it was more evident in patients with POP. A decrease in fibroblast renewal may reduce the production of collagen, elastic fibers, and other ECM proteins, and weaken the supporting force of the main ligament, thereby contributing to POP. Erika et al. (87) reported that ongoing hormone treatment is highly associated with the descent of the rectal ampulla as well as Gh + Pb (genital hiatus + perineal body), as detected by ultrasound. Hormone therapy may increase rather than decrease the descent in pelvic organs. In contrast, Clark et al. (88) showed that after 5 months of estradiol treatment, collagen type I and III in pelvic floor connective tissue increased, and cystatin C, a proteinase inhibitor that prevents the degradation of collagen, also increased, suggesting that estrogen decreases the degradation of collagen by increasing cystatin C. Nunes et al. (89) showed that in a 30-day double-blind trial of estrogen and placebo in post-menopausal women, both with and without POP, the levels of hyaluronic acid and chondroitin sulfate at the top of the vagina were higher in women treated with estrogen than in those treated with placebo. Both hyaluronic acid and chondroitin sulfate are glycosaminoglycans, which are important components of the ECM. These results showed that estrogen increased the production of ECM. Other studies have shown that hyaluronic acid induces the vitality of fibroblasts and the production of collagen in the ECM (90, 91). In addition, estrogen applied topically for 6 weeks in postmenopausal women with POP, increased the thickness of epithelial and muscular layers of the vaginal wall at the macro-level and enhanced the synthesis of mature type I collagen at the micro-level (92). In contrast, type III collagen did not change significantly, resulting in an increase in the ratio of type I/III collagen and a decrease in the activity of the collagen-degrading enzyme MMP-9. Furthermore, 17β-estradiol inhibited expression of Mfn2 at the mRNA and protein level and increased fibroblast proliferation and procollagen 1A1/1A2/3A1 synthesis, while also increasing the expression of estrogen receptor and G protein-coupled receptor 30 in USL fibroblasts (93). A recent study (94) has shown that 17β-estradiol increased the protein and mRNA levels of anti-apoptosis poly-ADP-ribose polymerase (PARP1) and B-cell lymphoma-2 (Bcl-2). At the same time, the expression of estrogen receptor alpha, a target of poly-ADP-ribosylation of PARP1, was enhanced, and apoptosis and death of USL fibroblasts subjected to mechanical stress in vitro were reduced. In summary, there are significant differences in the efficacy of estrogen in pelvic floor support tissue, but further studies are needed to better understand the role of estrogen in the pathophysiology of POP.



12. Other potential biomarkers

Other potential biomarkers have been shown to be associated with POP. For example, Deng et al. (95) applied a non-targeted metabolomics approach using ultra-high performance liquid chromatography coupled with quadrupole-time-of-flight mass spectrometry (UHPLC-Q-TOF-MS) to analyze and compare serum and urine of patients with POP with that of controls. And discovered that glycerophosphocholine, L-pyroglutamic acid, and inosine were increased while citrate was decreased in both serum and urine samples of patients with POP, which may be related to collagen synthesis or degradation, further lead to POP development This suggests that these six metabolites may be used as discriminatory POP biomarkers. Shama et al. (96) used capillary electrophoresis-tandem mass spectrometry (CE-MS) to study 17 amino acids in the pelvic connective tissue of patients with POP, and found that methionine, histidine, and glutamine levels were significantly higher in the POP group when comparing to their levels in none-POP group, and their increased levels could relate to the development of POP. A proteomic study by Sun et al. (97) using two-dimensional electrophoresis and matrix-assisted laser desorption/ionization TOF-MS (MALDI-TOF-MS) analysis of USL proteins of patients with POP and controls identified eight proteins (flavoprotein, apolipoprotein A-I, actin, transgelin, cofilin-1, cyclophilin A, myosin, and galectin-1) that were downregulated in the POP group. RT-qPCR was used to validate this conclusion at the mRNA level. These proteins may be involved in the pathophysiology of POP. Further proteomic analysis of the etiology and pathogenesis of POP using HPLC-MS/MS, iTRAQ, and ingenuity pathway analysis (IPA) techniques described by Li et al. (98), revealed five differentially expressed proteins (fibromodulin, collagen alpha-1 [XIV] chain, calponin-1, tenascin, and galectin-1) that appear to be involved in Metabolic mechanisms of the pelvic floor connective tissue. Wang et al. (99). further studied plasma samples using protein array analysis and ELISA in patients with POP and controls and found that the mean plasma levels of heat shock protein 10, zinc finger CCCH domain-containing protein 8, and unc-45 myosin chaperone A were lower than those in healthy controls, these proteins are diagnostic biomarkers for POP. In addition, a number of gene alterations affecting the genetic predisposition of POP have been studied. Certain candidate genes (COL3A1, COL18A1, LAMC 1, MMP 1, MMP 3, MMP 9, MMP10, ZFAT) (100–108) may be mediators of POP occurrence; the COL1A1 rs1800012 polymorphism did not show a significant correlation with POP (109, 110). Contrary to the view outlined above, Cartwright et al. (111) reviewed some genetic correlation studies prior to May 1, 2014, and concluded that the rs1800012 polymorphism in the COL1A1 gene was linked to anatomic prolapse. However, candidate genes COL3A1, LAMC 1, MMP 1, MMP 3, and MMP 9 failed to show a significant predisposition to POP. A recent meta-analysis (112) of data related to the genetics of POP, collected between January 1, 2015 and November 1, 2020, yielded the same conclusions as those of Cartwright et al. (108). Furthermore, meta-analyses of the candidate genes COL18A1 (collagen type 18), ZFAT, and MMP10 did not yield significant predisposition to POP. Notably, some previous studies (113–116) found that ESR (estrogen receptor), PGR (progesterone receptor), and Fbln5 are also involved in the pathophysiological mechanism of POP. Similarly, a meta-analysis report of Allen-Brady et al. (112) concluded that there is a significant correlation between ESR1 RS2228480, FBLN5 RS12589592, and PGR RS484389 and POP. Several other genetic biomarkers have also been explored; for example, Xie et al. (117) carried out an RNA-Seq study of USL specimens from patients with POP and controls and identified 81 POP signature genes. In addition, some ECM-related candidate genes, such as COMP, NDP, and SNAI2, were suggested to contribute to the pathological process of POP. Furthermore, components in neuroactive ligand-receptor interactions and the Wnt receptor signaling pathway were also indicated to be involved in the pathogenesis of POP. A single-cell transcriptome study (81) of severe AVP (POP-Q ≥ stage III) found abnormal gene expression in different cell types, including genes encoding ECM molecules (FN1, LUM, and DCN) or receptors for cellular uptake of HA and collagen (LYVE1 and MRC2), which were widely upregulated in most cell types in the POP samples. In addition, two types of collagen endocytic receptors (MRC1 and MRC2), HA degradation genes (HYAL2, HYAL3), and HA receptor (LYVE1), which are believed to regulate inflammation by converting signals from the ECM, were upregulated in macrophages in POP samples. Thus, fibroblasts and macrophages may play a significant role in the dysregulation of the ECM and immune disorders associated with POP. In a genome-wide association study using data from Iceland and the United Kingdom Biobank, Olafsdottir et al. (118) reported the discovery of eight sequence variants at seven loci associated with POP. These included rs3820282–T located in intron1 of WNT4, rs12325192 located near SALL1, rs9306894 located in the 3′-UTR of GDF7, rs1247943 close to TBX5, rs7682992–T close to the FAT4 gene, rs72624976 located in the 3′-UTR of IMPDH1, and rs3791675 and rs1430191 partly located in and near EFEMP1. In addition, Natalia et al. (119) performed a genome-wide association meta-analysis and identified 26 loci significantly associated with POP, of which 7 loci are as described in the above studies, and the others are previously unidentified potential candidate genes, such as VCL, CHRDL2, LOXL1-AS1, DUSP16, CRISPLD2, ADAMTS5, KLF13, MAFF in 2p24.1, 10q22.1, 11q13.4, 12p13.2, 16q24.1, 15q24.1, 15q13, 21q21.3, and 22q13, as well as ACADVL, PLA2G6, and HOXD13. In summary, a large number of potential POP biomarkers have been identified using metabolomics, proteomics, and genetic susceptibility, although some remain controversial. The described studies contribute to our global understanding and provide new insights into the molecular mechanisms of POP, further opening new avenues for future research.



13. Conclusion

POP is a concerning gynecological disease that occurs in middle-aged and senior women, and its molecular mechanism is complex. By exploring the mechanisms of various molecules associated with POP, we were able to summarize a large number of potential key molecular targets and/or signaling pathways involved in the evolution of POP. There is a current lack of accurate clinical molecular biological interventions to prevent, diagnose, progression delay, and improve the treatment of POP. We suggest that key molecular targets can be used to develop simple, rapid, and effective detection techniques for early screening in community health care centers to identify high-risk individuals. In addition, we propose reasonable preventive measures associated with risk factors to reduce the incidence of POP, as well as identify asymptomatic POP patients. Finally, we provide scientific evidence for early diagnosis, intervention, and treatment of POP to delay progression of the disease and improve quality of life. The key molecular targets and signaling pathways associated with POP can be used to develop new biological meshes related to pelvic floor surgery, reduce complications such as postoperative recurrence, and develop molecular targeted drugs to accurately strengthen the pelvic floor structure, or even reverse prolapse. Finally, further research studies are needed, especially to address existing contradictions in the literature regarding the potential molecular mechanisms of POP.



Author contributions

XL conceptualized article. XW wrote first draft. TL plotted the figures. All authors contributed to the manuscript revision and approved the submitted version. All authors agreed to be accountable for all aspects of the final manuscript.



Funding

This work was supported by the National Natural Science Foundation of China (grant number 81971365), Key Research and development program of Shanxi province (international scientific and technological cooperation; grant number 201903D421060), Research Project Supported by Shanxi Scholarship Council of China (grant number HGKY2019095), Fund Program for the Scientific Activities of Selected Returned Overseas Professionals in Shanxi Province (grant number 20200007).



Acknowledgments

We would like to thank Editage (www.editage.cn) for English language editing and thank for the pictures (Figures 1, 2) from Weisi Medical Platform (www.vishee.com). We also acknowledge Jia Zhang, Wenzhen Wang, Jing He, Lingyun Wei, and Wenxue Zhao for assistance in preparation of the manuscript.



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.



References

 1. Petros, PE, and Ulmsten, UI. An integral theory of female urinary incontinence. Experimental and clinical considerations. Acta Obstet Gynecol Scand Suppl. (1990) 153:7–31.

 2. Norton, PA. Pelvic floor disorders: the role of fascia and ligaments. Clin Obstet Gynecol. (1993) 36:926–38. doi: 10.1097/00003081-199312000-00017 

 3. DeLancey, JO. The anatomy of the pelvic floor. Curr OpinObstet Gynecol. (1994) 6:313–6. doi: 10.1097/00001703-199408000-00003

 4. 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) 10:97582. doi: 10.3389/fpubh.2022.975829

 5. American College of O, Gynecologists, the American Urogynecologic S, Food IUTPBiuahtrtU, Drug Administration Order to Stop the Sale of Transvaginal Synthetic Mesh Products for the Repair of Pelvic Organ. Pelvic organ prolapse. Urogynecology (Philadelphia, PA). (2019) 25:397–408. doi: 10.1097/SPV.0000000000000794

 6. Wu, JM, Kawasaki, A, Hundley, AF, Dieter, AA, Myers, ER, and Sung, VW. Predicting the number of women who will undergo incontinence and prolapse surgery, 2010 to 2050. Am J Obstet Gynecol. (2011) 205:230–5. doi: 10.1016/j.ajog.2011.03.046

 7. Barber, MD, and Maher, C. Epidemiology and outcome assessment of pelvic organ prolapse. Int Urogynecol J. (2013) 24:1783–90. doi: 10.1007/s00192-013-2169-9

 8. Engeland, K. Cell cycle regulation: p53-p21-RB signaling. Cell Death Differ. (2022) 29:946–60. doi: 10.1038/s41418-022-00988-z 

 9. Yamamoto, M, Aoyagi, M, Akazawa, K, Tajima, S, and Yamamoto, K. Decrease in p53 protein in cultured cardinal ligament fibroblasts from patients with prolapsus uteri. Cell Biol Int. (1998) 22:31–40. doi: 10.1006/cbir.1997.0207 

 10. Yamamoto, M, Akazawa, K, Aoyagi, M, and Yamamoto, K. Changes in biological characteristics during the cellular aging of ligament fibroblasts derived from patients with prolapsus uteri. Mech Ageing Dev. (2000) 115:175–87. doi: 10.1016/S0047-6374(00)00121-4 

 11. Bai, SW, Chung, DJ, Yoon, JM, Shin, JS, Kim, SK, and Park, KH. Roles of estrogen receptor, progesterone receptor, p53 and p21 in pathogenesis of pelvic organ prolapse. Int Urogynecol J Pelvic Floor Dysfunct. (2005) 16:492–6. doi: 10.1007/s00192-005-1310-9 

 12. Mega Putra, IG, Ngurah Warsita, IG, Suwiyoga, K, Fajar Manuaba, IBG, Budiana, ING, and Putra Wiradnyana, AAG. Low expression of collagen type-1 in sacrouterine ligament as risk factor of stage III-IV uterine prolapse. Eur J Obstet Gynecol Reprod Biol. (2020) 249:32–6. doi: 10.1016/j.ejogrb.2020.01.027 

 13. Cui, N, Hu, M, and Khalil, RA. Biochemical and biological attributes of matrix metalloproteinases. Prog Mol Biol Transl Sci. (2017) 147:1–73. doi: 10.1016/bs.pmbts.2017.02.005 

 14. Vulic, M, Strinic, T, Tomic, S, Capkun, V, Jakus, IA, and Ivica, S. Difference in expression of collagen type I and matrix metalloproteinase-1 in uterosacral ligaments of women with and without pelvic organ prolapse. Eur J Obstet Gynecol Reprod Biol. (2011) 155:225–8. doi: 10.1016/j.ejogrb.2010.12.019 

 15. 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 

 16. Gabriel, B, Watermann, D, Hancke, K, Gitsch, G, Werner, M, Tempfer, C , et al. Increased expression of matrix metalloproteinase 2 in uterosacral ligaments is associated with pelvic organ prolapse. Int Urogynecol J Pelvic Floor Dysfunct. (2006) 17:478–82. doi: 10.1007/s00192-005-0045-y 

 17. Strinic, T, Vulic, M, Tomic, S, Capkun, V, Stipic, I, and Alujevic, I. Matrix metalloproteinases-1, −2 expression in uterosacral ligaments from women with pelvic organ prolapse. Maturitas. (2009) 64:132–5. doi: 10.1016/j.maturitas.2009.08.008 

 18. Liang, CC, Huang, HY, and Chang, SD. Gene expression and immunoreactivity of elastolytic enzymes in the uterosacral ligaments from women with uterine prolapse. Reprod Sci. (2012) 19:354–9. doi: 10.1177/1933719111424443 

 19. Alarab, M, Kufaishi, H, Lye, S, Drutz, H, and 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 

 20. Saliminejad, K, Khorram Khorshid, HR, Soleymani Fard, S, and Ghaffari, SH. An overview of microRNAs: biology, functions, therapeutics, and analysis methods. J Cell Physiol. (2019) 234:5451–65. doi: 10.1002/jcp.27486 

 21. Chen, L, Heikkinen, L, Wang, C, Yang, Y, Sun, H, and Wong, G. Trends in the development of miRNA bioinformatics tools. Brief Bioinform. (2019) 20:1836–52. doi: 10.1093/bib/bby054 

 22. Yin, Y, Qin, M, Luan, M, and Xia, Z. miR-19-3p promotes autophagy and apoptosis in pelvic organ prolapse through the AKT/mTOR/p70S6K pathway: function of miR-19-3p on vaginal fibroblasts by targeting IGF-1. Female Pelvic Med Reconstr Surg. (2021) 27:e630–8. doi: 10.1097/SPV.0000000000001034 

 23. Sima, Y, Li, L, Xiao, C, Xu, L, Wang, L, and Chen, Y. Advanced glycation end products (AGEs) downregulate the miR-4429/PTEN axis to promote apoptosis of fibroblasts in pelvic organ prolapse. Ann Transl Med. (2022) 10:821. doi: 10.21037/atm-22-628 

 24. Jeon, MJ, Kim, EJ, Lee, M, Kim, H, Choi, JR, Chae, HD , et al. MicroRNA-30d and microRNA-181a regulate HOXA11 expression in the uterosacral ligaments and are overexpressed in pelvic organ prolapse. J Cell Mol Med. (2015) 19:501–9. doi: 10.1111/jcmm.12448 

 25. Connell, KA, Guess, MK, Chen, H, Andikyan, V, Bercik, R, and Taylor, HS. HOXA11 is critical for development and maintenance of uterosacral ligaments and deficient in pelvic prolapse. J Clin Invest. (2008) 118:1050–5. doi: 10.1172/JCI34193 

 26. Takacs, P, Nassiri, M, Gualtieri, M, Candiotti, K, and Medina, CA. Uterosacral ligament smooth muscle cell apoptosis is increased in women with uterine prolapse. Reprod Sci. (2009) 16:447–52. doi: 10.1177/1933719108328611 

 27. Cole, EE, Leu, PB, Gomelsky, A, Revelo, P, Shappell, H, Scarpero, HM , et al. Histopathological evaluation of the uterosacral ligament: is this a dependable structure for pelvic reconstruction? BJU Int. (2006) 97:345–8. doi: 10.1111/j.1464-410X.2005.05903.x 

 28. Connell, KA, Guess, MK, Chen, HW, Lynch, T, Bercik, R, and Taylor, HS. HOXA11 promotes fibroblast proliferation and regulates p53 in uterosacral ligaments. Reprod Sci. (2009) 16:694–700. doi: 10.1177/1933719109334260 

 29. Ma, Y, Guess, M, Datar, A, Hennessey, A, Cardenas, I, Johnson, J , et al. Knockdown of Hoxa11 in vivo in the uterosacral ligament and uterus of mice results in altered collagen and matrix metalloproteinase activity. Biol Reprod. (2012) 86:100. doi: 10.1095/biolreprod.111.093245 

 30. 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 

 31. Sampson, N, Berger, P, and Zenzmaier, C. Redox signaling as a therapeutic target to inhibit myofibroblast activation in degenerative fibrotic disease. Biomed Res Int. (2014) 2014:131737:1–14. doi: 10.1155/2014/131737

 32. Qi, XY, Hong, L, Guo, FQ, Fu, Q, Chen, L, and Li, BS. Expression of transforming growth factor-beta 1 and connective tissue growth factor in women with pelvic organ prolapse. Saudi Med J. (2011) 32:474–8.

 33. Meijerink, AM, van Rijssel, RH, and van der Linden, PJ. Tissue composition of the vaginal wall in women with pelvic organ prolapse. Gynecol Obstet Investig. (2013) 75:21–7. doi: 10.1159/000341709 

 34. Leegant, A, Zuckerwise, LC, Downing, K, Brouwer-Visser, J, Zhu, C, Cossio, MJ , et al. Transforming growth factor beta1 and extracellular matrix protease expression in the uterosacral ligaments of patients with and without pelvic organ prolapse. Female Pelvic Med Reconstr Surg. (2015) 21:53–8. doi: 10.1097/SPV.0000000000000130 

 35. 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-beta1 signaling pathway. Mol Med Rep. (2017) 15:423–30. doi: 10.3892/mmr.2016.5994 

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

 37. Carlin, GL, Bodner, K, Kimberger, O, Haslinger, P, Schneeberger, C, Horvat, R , et al. The role of transforming growth factor-ß (TGF-ß1) in postmenopausal women with pelvic organ prolapse: An immunohistochemical study. Eur J Obstet Gynecol Reprod Biol X. (2020) 7:100111. doi: 10.1016/j.eurox.2020.100111 

 38. Zhao, Y, Xia, Z, Lin, T, and Qin, M. Transforming growth factor Beta 1 and p44/42 expression in cardinal ligament tissues of patients with pelvic organ prolapse. Med Sci Monit. (2021) 27:e930433. doi: 10.12659/MSM.930433

 39. Li, FZ, Cai, PC, Song, LJ, Zhou, LL, Zhang, Q, Rao, SS , et al. Crosstalk between calpain activation and TGF-beta1 augments collagen-I synthesis in pulmonary fibrosis. Biochim Biophys Acta. (2015) 1852:1796–804. doi: 10.1016/j.bbadis.2015.06.008 

 40. Yin, Y, Han, Y, Shi, C, and Xia, Z. IGF-1 regulates the growth of fibroblasts and extracellular matrix deposition in pelvic organ prolapse. Open Med (Wars). (2020) 15:833–40. doi: 10.1515/med-2020-0216 

 41. Tzanakakis, GN, Giatagana, EM, Berdiaki, A, Spyridaki, I, Hida, K, Neagu, M , et al. The role of IGF/IGF-IR-signaling and extracellular matrix effectors in bone sarcoma pathogenesis. Cancers (Basel). (2021) 13:2478. doi: 10.3390/cancers13102478 

 42. Hansen, M, Boesen, A, Holm, L, Flyvbjerg, A, Langberg, H, and Kjaer, M. Local administration of insulin-like growth factor-I (IGF-I) stimulates tendon collagen synthesis in humans. Scand J Med Sci Sports. (2013) 23:614–9. doi: 10.1111/j.1600-0838.2011.01431.x 

 43. Shin, SJ, and Yanagisawa, H. Recent updates on the molecular network of elastic fiber formation. Essays Biochem. (2019) 63:365–76. doi: 10.1042/EBC20180052 

 44. Northington, GM. Fibulin-5: two for the price of one maintaining pelvic support. J Clin Invest. (2011) 121:1688–91. doi: 10.1172/JCI57438 

 45. Klutke, J, Ji, Q, Campeau, J, Starcher, B, Felix, JC, Stanczyk, FZ , et al. Decreased endopelvic fascia elastin content in uterine prolapse. Acta Obstet Gynecol Scand. (2008) 87:111–5. doi: 10.1080/00016340701819247 

 46. Jung, HJ, Jeon, MJ, Yim, GW, Kim, SK, Choi, JR, and Bai, SW. Changes in expression of fibulin-5 and lysyl oxidase-like 1 associated with pelvic organ prolapse. Eur J Obstet Gynecol Reprod Biol. (2009) 145:117–22. doi: 10.1016/j.ejogrb.2009.03.026 

 47. Kuang, PP, Goldstein, RH, Liu, Y, Rishikof, DC, Jean, JC, and Joyce-Brady, M. Coordinate expression of fibulin-5/DANCE and elastin during lung injury repair. Am J Physiol Lung Cell Mol Physiol. (2003) 285:L1147–52. doi: 10.1152/ajplung.00098.2003 

 48. Garcia, B, Arthur, A, Patel, B, Chang, J, Chen, D, and Lane, F. A non-invasive determination of LOXL1 and Fibulin-5 levels in the vaginal secretions of women with and without pelvic organ prolapse. J Med Res Surg. (2021) 2:4042. doi: 10.52916/jmrs214042

 49. Zhou, Y, Ling, O, and Bo, L. Expression and significance of lysyl oxidase-like 1 and fibulin-5 in the cardinal ligament tissue of patients with pelvic floor dysfunction. J Biomed Res. (2013) 27:23–8. doi: 10.7555/JBR.27.20110142 

 50. Takacs, P, Nassiri, M, Viciana, A, Candiotti, K, Fornoni, A, and Medina, CA. Fibulin-5 expression is decreased in women with anterior vaginal wall prolapse. Int Urogynecol J Pelvic Floor Dysfunct. (2009) 20:207–11. doi: 10.1007/s00192-008-0757-x 

 51. Alarab, M, Bortolini, MA, Drutz, H, Lye, S, and Shynlova, O. LOX family enzymes expression in vaginal tissue of premenopausal women with severe pelvic organ prolapse. Int Urogynecol J. (2010) 21:1397–404. doi: 10.1007/s00192-010-1199-9 

 52. Drewes, PG, Yanagisawa, H, Starcher, B, Hornstra, I, Csiszar, K, Marinis, SI , et al. Pelvic organ prolapse in fibulin-5 knockout mice: pregnancy-induced changes in elastic fiber homeostasis in mouse vagina. Am J Pathol. (2007) 170:578–89. doi: 10.2353/ajpath.2007.060662 

 53. Rahn, DD, Ruff, MD, Brown, SA, Tibbals, HF, and Word, RA. Biomechanical properties of the vaginal wall: effect of pregnancy, elastic fiber deficiency, and pelvic organ prolapse. Am J Obstet Gynecol. (2008) 198:590.e1–6. doi: 10.1016/j.ajog.2008.02.022 

 54. Wieslander, CK, Rahn, DD, McIntire, DD, Acevedo, JF, Drewes, PG, Yanagisawa, H , et al. Quantification of pelvic organ prolapse in mice: vaginal protease activity precedes increased MOPQ scores in Fibulin 5 knockout Mice1. Biol Reprod. (2009) 80:407–14. doi: 10.1095/biolreprod.108.072900 

 55. Budatha, M, Silva, S, Montoya, TI, Suzuki, A, Shah-Simpson, S, Wieslander, CK , et al. Dysregulation of protease and protease inhibitors in a mouse model of human pelvic organ prolapse. PLoS One. (2013) 8:e56376. doi: 10.1371/journal.pone.0056376 

 56. Rahn, DD, Acevedo, JF, and Word, RA. Effect of vaginal distention on elastic fiber synthesis and matrix degradation in the vaginal wall: potential role in the pathogenesis of pelvic organ prolapse. Am J Physiol Regul Integr Comp Physiol. (2008) 295:R1351–8. doi: 10.1152/ajpregu.90447.2008 

 57. Hare, AM, Gaddam, NG, Shi, H, Acevedo, JF, Word, RA, and Florian-Rodriguez, ME. Impact of vaginal distention on cell senescence in an animal model of pelvic organ prolapse. Tissue Cell. (2021) 73:101652. doi: 10.1016/j.tice.2021.101652 

 58. Uemura, R, Tachibana, D, Shiota, M, Yoshida, K, Kitada, K, Hamuro, A , et al. Upregulation of PTK7 and β-catenin after vaginal mechanical dilatation: an examination of fibulin-5 knockout mice. Int Urogynecol J. (2021) 32:2993–9. doi: 10.1007/s00192-021-04693-2 

 59. Liu, X, Zhao, Y, Pawlyk, B, Damaser, M, and Li, T. Failure of elastic fiber homeostasis leads to pelvic floor disorders. Am J Pathol. (2006) 168:519–28. doi: 10.2353/ajpath.2006.050399 

 60. Lee, UJ, Gustilo-Ashby, AM, Daneshgari, F, Kuang, M, Vurbic, D, Lin, DL , et al. Lower urogenital tract anatomical and functional phenotype in lysyl oxidase like-1 knockout mice resembles female pelvic floor dysfunction in humans. Am J Physiol Renal Physiol. (2008) 295:F545–55. doi: 10.1152/ajprenal.00063.2008 

 61. Liu, X, Zhao, Y, Gao, J, Pawlyk, B, Starcher, B, Spencer, JA , et al. Elastic fiber homeostasis requires lysyl oxidase-like 1 protein. Nat Genet. (2004) 36:178–82. doi: 10.1038/ng1297 

 62. Alperin, M, Debes, K, Abramowitch, S, Meyn, L, and Moalli, PA. LOXL1 deficiency negatively impacts the biomechanical properties of the mouse vagina and supportive tissues. Int Urogynecol J Pelvic Floor Dysfunct. (2008) 19:977–86. doi: 10.1007/s00192-008-0561-7 

 63. Dahal, S, Kuang, M, Rietsch, A, Butler, RS, Ramamurthi, A, and Damaser, MS. Quantitative morphometry of elastic fibers in pelvic organ prolapse. Ann Biomed Eng. (2021) 49:1909–22. doi: 10.1007/s10439-021-02760-9 

 64. Couri, BM, Lenis, AT, Borazjani, A, Balog, BM, Kuang, M, Butler, RS , et al. Effect of pregnancy and delivery on cytokine expression in a mouse model of pelvic organ prolapse. Female Pelvic Med Reconstr Surg. (2017) 23:449–56. doi: 10.1097/SPV.0000000000000394 

 65. Forman, HJ, and Zhang, H. Targeting oxidative stress in disease: promise and limitations of antioxidant therapy. Nat Rev Drug Discov. (2021) 20:689–709. doi: 10.1038/s41573-021-00233-1 

 66. Choy, KW, Liu, YM, Chu, CY, Wang, CC, Lui, WT, Lee, LL , et al. High isoprostane level in cardinal ligament-derived fibroblasts and urine sample of women with uterine prolapse. BJOG. (2008) 115:1179–83. doi: 10.1111/j.1471-0528.2008.01806.x 

 67. Kim, EJ, Chung, N, Park, SH, Lee, K-H, 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 

 68. Chen, Y, Huang, J, Hu, C, and Hua, K. Relationship of advanced glycation end products and their receptor to pelvic organ prolapse. Int J Clin Exp Pathol. (2015) 8:2288–99.

 69. Chen, YS, Wang, XJ, Feng, W, and Hua, KQ. Advanced glycation end products decrease collagen I levels in fibroblasts from the vaginal wall of patients with POP via the RAGE, MAPK and NF-kappaB pathways. Int J Mol Med. (2017) 40:987–98. doi: 10.3892/ijmm.2017.3097 

 70. Vetuschi, A, Pompili, S, Gallone, A, D'Alfonso, A, Carbone, MG, Carta, G , et al. Immunolocalization of advanced glycation end products, mitogen activated protein kinases, and transforming growth factor-beta/Smads in pelvic organ prolapse. J Histochem Cytochem. (2018) 66:673–86. doi: 10.1369/0022155418772798 

 71. Han, S, Nandy, P, Austria, Q, Siedlak, SL, Torres, S, Fujioka, H , et al. Mfn2 ablation in the adult mouse Hippocampus and cortex causes neuronal death. Cells. (2020) 9:116. doi: 10.3390/cells9010116 

 72. Chen, QM. Nrf2 for protection against oxidant generation and mitochondrial damage in cardiac injury. Free Radic Biol Med. (2022) 179:133–43. doi: 10.1016/j.freeradbiomed.2021.12.001 

 73. Wang, X, Wang, X, Zhou, Y, Peng, C, Chen, H, and Lu, Y. Mitofusin2 regulates the proliferation and function of fibroblasts: the possible mechanisms underlying pelvic organ prolapse development. Mol Med Rep. (2019) 20:2859–66. doi: 10.3892/mmr.2019.10501 

 74. Lu, Y, Chen, HY, Wang, XQ, and Wang, JX. Correlations between Mitofusin 2 expression in fibroblasts and pelvic organ prolapse: An in vitro study. Chin Med J. (2017) 130:2951–9. doi: 10.4103/0366-6999.220307 

 75. Chen, KH, Dasgupta, A, Ding, J, Indig, FE, Ghosh, P, and Longo, DL. Role of mitofusin 2 (Mfn2) in controlling cellular proliferation. FASEB J. (2013) 28:382–94. doi: 10.1096/fj.13-230037 

 76. Fang, G, Hong, L, Liu, C, Yang, Q, Zhang, Q, Li, Y , et al. Oxidative status of cardinal ligament in pelvic organ prolapse. Exp Ther Med. (2018) 16:3293–302. doi: 10.3892/etm.2018.6633 

 77. Lin, T, Ji, Y, Zhao, Y, and Xia, Z. Expression of COX-2 and Nrf2/GPx3 in the anterior vaginal wall tissues of women with pelvic organ prolapse. Arch Gynecol Obstet. (2021) 303:1245–53. doi: 10.1007/s00404-020-05913-8 

 78. Liu, C, Yang, Q, Fang, G, Li, BS, Wu, DB, Guo, WJ , et al. Collagen metabolic disorder induced by oxidative stress in human uterosacral ligament-derived fibroblasts: a possible pathophysiological mechanism in pelvic organ prolapse. Mol Med Rep. (2016) 13:2999–3008. doi: 10.3892/mmr.2016.4919 

 79. 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 

 80. Li, Y, Nie, N, Gong, L, Bao, F, An, C, Cai, H , et al. Structural, functional and molecular pathogenesis of pelvic organ prolapse in patient and Loxl1 deficient mice. Aging (Albany NY). (2021) 13:25886–902. doi: 10.18632/aging.203777 

 81. Li, Y, Zhang, QY, Sun, BF, 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 

 82. Sze, EH, and Hobbs, G. A prospective cohort study of pelvic support changes among nulliparous, multiparous, and pre- and post-menopausal women. Eur J Obstet Gynecol Reprod Biol. (2012) 160:232–5. doi: 10.1016/j.ejogrb.2011.11.016 

 83. Tinelli, A, Malvasi, A, Rahimi, S, Negro, R, Vergara, D, Martignago, R , et al. Age-related pelvic floor modifications and prolapse risk factors in postmenopausal women. Menopause. (2010) 17:204–12. doi: 10.1097/gme.0b013e3181b0c2ae 

 84. Marschalek, ML, Bodner, K, Kimberger, O, Zehetmayer, S, Morgenbesser, R, Dietrich, W , et al. Does preoperative locally applied estrogen treatment facilitate prolapse-associated symptoms in postmenopausal women with symptomatic pelvic organ prolapse? A randomised controlled double-masked, placebo-controlled, multicentre study. BJOG. (2021) 128:2200–8. doi: 10.1111/1471-0528.16894 

 85. Jackson, S, James, M, and Abrams, P. The effect of oestradiol on vaginal collagen metabolism in postmenopausal women with genuine stress incontinence. BJOG. (2002) 109:339–44. doi: 10.1111/j.1471-0528.2002.01052.x 

 86. Liu, YM, Choy, KW, Lui, WT, Pang, MW, Wong, YF, and Yip, SK. 17beta-estradiol suppresses proliferation of fibroblasts derived from cardinal ligaments in patients with or without pelvic organ prolapse. Hum Reprod. (2006) 21:303–8. doi: 10.1093/humrep/dei296

 87. Wasenda, EJ, Kamisan Atan, I, Subramaniam, N, and Dietz, HP. Pelvic organ prolapse: does hormone therapy use matter? Menopause. (2017) 24:1185–9. doi: 10.1097/GME.0000000000000898 

 88. Clark, AL, Slayden, OD, Hettrich, K, and Brenner, RM. Estrogen increases collagen I and III mRNA expression in the pelvic support tissues of the rhesus macaque. Am J Obstet Gynecol. (2005) 192:1523–9. doi: 10.1016/j.ajog.2004.11.042 

 89. Nunes, JM, Feldner,PC Jr, Castro, RA, Nader, HB, Sartori, MG, and Girao, MJ. Uterine prolapse: evaluation of glycosaminoglycans in postmenopausal women after estrogen therapy. Climacteric. (2011) 14:121–5. doi: 10.3109/13697137.2010.500010 

 90. Wang, F, Garza, LA, Kang, S, Varani, J, Orringer, JS, Fisher, GJ , et al. In vivo stimulation of de novo collagen production caused by cross-linked hyaluronic acid dermal filler injections in photodamaged human skin. Arch Dermatol. (2007) 143:155–63. doi: 10.1001/archderm.143.2.155 

 91. Turlier, V, Delalleau, A, Casas, C, Rouquier, A, Bianchi, P, Alvarez, S , et al. Association between collagen production and mechanical stretching in dermal extracellular matrix: in vivo effect of cross-linked hyaluronic acid filler. A randomised, placebo-controlled study. J Dermatol Sci. (2013) 69:187–94. doi: 10.1016/j.jdermsci.2012.12.006 

 92. Rahn, DD, Good, MM, Roshanravan, SM, Shi, H, Schaffer, JI, Singh, RJ , et al. Effects of preoperative local estrogen in postmenopausal women with prolapse: a randomized trial. J Clin Endocrinol Metabol. (2014) 99:3728–36. doi: 10.1210/jc.2014-1216 

 93. Wang, XQ, He, RJ, Xiao, BB, and Lu, Y. Therapeutic effects of 17beta-estradiol on pelvic organ prolapse by inhibiting Mfn2 expression: An in vitro study. Front Endocrinol (Lausanne). (2020) 11:586242. doi: 10.3389/fendo.2020.586242 

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

 95. Deng, W, Rao, J, Chen, X, Li, D, Zhang, Z, Liu, D , et al. Metabolomics study of serum and urine samples reveals metabolic pathways and biomarkers associated with pelvic organ prolapse. J Chromatogr B Analyt Technol Biomed Life Sci. (2020) 1136:121882. doi: 10.1016/j.jchromb.2019.121882 

 96. Shama, N, Bai, SW, Chung, BC, and Jung, BH. Quantitative analysis of 17 amino acids in the connective tissue of patients with pelvic organ prolapse using capillary electrophoresis-tandem mass spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci. (2008) 865:18–24. doi: 10.1016/j.jchromb.2008.01.027 

 97. Sun, ZJ, Zhu, L, Lang, JH, Wang, Z, and 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 

 98. Li, XJ, Pan, HT, Chen, JJ, Fu, YB, Fang, M, He, GH , et al. Proteomics of uterosacral ligament connective tissue from women with and without pelvic organ prolapse. Proteomics Clin Appl. (2019) 13:e1800086. doi: 10.1002/prca.201800086 

 99. Wang, T, Liu, Y, Mei, L, Cui, T, Wei, D, Chen, Y , et al. Proteins in plasma as a potential biomarkers diagnostic for pelvic organ prolapse. Ann Transl Med. (2021) 9:1117. doi: 10.21037/atm-21-1607 

 100. Ward, RM, Velez Edwards, DR, Edwards, T, Giri, A, Jerome, RN, and Wu, JM. Genetic epidemiology of pelvic organ prolapse: a systematic review. Am J Obstet Gynecol. (2014) 211:326–35. doi: 10.1016/j.ajog.2014.04.006 

 101. Allen-Brady, K, Cannon-Albright, L, Farnham, JM, Teerlink, C, Vierhout, ME, van Kempen, LCL , et al. Identification of six loci associated with pelvic organ prolapse using genome-wide association analysis. Obstet Gynecol. (2011) 118:1345–53. doi: 10.1097/AOG.0b013e318236f4b5 

 102. Nikolova, G, Lee, H, Berkovitz, S, Nelson, S, Sinsheimer, J, Vilain, E , et al. Sequence variant in the laminin gamma1 (LAMC1) gene associated with familial pelvic organ prolapse. Hum Genet. (2007) 120:847–56. doi: 10.1007/s00439-006-0267-1 

 103. Chen, J, Li, L, Lang, J, and Zhu, L. Common variants in LAMC1 confer risk for pelvic organ prolapse in Chinese population. Hereditas. (2020) 157:26. doi: 10.1186/s41065-020-00140-2 

 104. Skorupski, P, Jankiewicz, K, Miotla, P, Marczak, M, Kulik-Rechberger, B, and Rechberger, T. The polymorphisms of the MMP-1 and the MMP-3 genes and the risk of pelvic organ prolapse. Int Urogynecol J. (2013) 24:1033–8. doi: 10.1007/s00192-012-1970-1 

 105. Chen, HY, Lin, WY, Chen, YH, Chen, WC, Tsai, FJ, and Tsai, CH. Matrix metalloproteinase-9 polymorphism and risk of pelvic organ prolapse in Taiwanese women. Eur J Obstet Gynecol Reprod Biol. (2010) 149:222–4. doi: 10.1016/j.ejogrb.2009.12.014 

 106. Wu, JM, Visco, AG, Grass, EA, Craig, DM, Fulton, RG, Haynes, C , et al. Matrix metalloproteinase-9 genetic polymorphisms and the risk for advanced pelvic organ prolapse. Obstet Gynecol. (2012) 120:587–93. doi: 10.1097/AOG.0b013e318262234b 

 107. Romero, AA, Jamison, MG, and Weidner, AC. Are single nucleotide polymorphisms associated with pelvic organ prolapse? Journal of Pelvic Medicine and Surgery. (2008) 14:37–43. doi: 10.1097/SPV.0b013e3181637a49

 108. Abulaizi, A, Abula, A, Ababaikeli, G, Wan, X, Du, R, and Zhakeer, A. Identification of pelvic organ prolapse risk susceptibility gene SNP locus in Xinjiang women. Int Urogynecol J. (2020) 31:123–30. doi: 10.1007/s00192-019-04039-z 

 109. Ferrari, MM, Rossi, G, Biondi, ML, Vigano, P, Dell'utri, C, and Meschia, M. Type I collagen and matrix metalloproteinase 1, 3 and 9 gene polymorphisms in the predisposition to pelvic organ prolapse. Arch Gynecol Obstet. (2012) 285:1581–6. doi: 10.1007/s00404-011-2199-9 

 110. Feiner, B, Fares, F, Azam, N, Auslender, R, David, M, and Abramov, Y. Does COLIA1 SP1-binding site polymorphism predispose women to pelvic organ prolapse? Int Urogynecol J Pelvic Floor Dysfunct. (2009) 20:1061–5. doi: 10.1007/s00192-009-0895-9 

 111. Cartwright, R, Kirby, AC, Tikkinen, KA, Mangera, A, Thiagamoorthy, G, Rajan, P , et al. Systematic review and metaanalysis of genetic association studies of urinary symptoms and prolapse in women. Am J Obstet Gynecol. (2015) 212:199.e1–199.e24. doi: 10.1016/j.ajog.2014.08.005

 112. Allen-Brady, K, Chua, JWF, Cuffolo, R, Koch, M, Sorrentino, F, and Cartwright, R. Systematic review and meta-analysis of genetic association studies of pelvic organ prolapse. Int Urogynecol J. (2022) 33:67–82. doi: 10.1007/s00192-021-04782-2 

 113. Chen, HY, Chung, YW, Lin, WY, Chen, WC, Tsai, FJ, and Tsai, CH. Estrogen receptor alpha polymorphism is associated with pelvic organ prolapse risk. Int Urogynecol J Pelvic Floor Dysfunct. (2008) 19:1159–63. doi: 10.1007/s00192-008-0603-1 

 114. Chen, HY, Wan, L, Chung, YW, Chen, WC, Tsai, FJ, and Tsai, CH. Estrogen receptor beta gene haplotype is associated with pelvic organ prolapse. Eur J Obstet Gynecol Reprod Biol. (2008) 138:105–9. doi: 10.1016/j.ejogrb.2007.12.013 

 115. Chen, HY, Chung, YW, Lin, WY, Chen, WC, Tsai, FJ, and Tsai, CH. Progesterone receptor polymorphism is associated with pelvic organ prolapse risk. Acta Obstet Gynecol Scand. (2009) 88:835–8. doi: 10.1080/00016340902822073 

 116. Khadzhieva, MB, Kamoeva, SV, Chumachenko, AG, Ivanova, AV, Volodin, IV, Vladimirov, IS , et al. Fibulin-5 (FBLN5) gene polymorphism is associated with pelvic organ prolapse. Maturitas. (2014) 78:287–92. doi: 10.1016/j.maturitas.2014.05.003 

 117. Xie, R, Xu, Y, Fan, S, and Song, Y. Identi fi cation of differentially expressed genes in pelvic organ prolapse by RNA-Seq. Med Sci Monit. (2016) 22:4218–25. doi: 10.12659/MSM.900224 

 118. Olafsdottir, T, Thorleifsson, G, Sulem, P, Stefansson, OA, Medek, H, Olafsson, K , et al. Genome-wide association identifies seven loci for pelvic organ prolapse in Iceland and the UK Biobank. Commun Biol. (2020) 3:129. doi: 10.1038/s42003-020-0857-9 

 119. Pujol-Gualdo, N, Lall, K, Lepamets, M, Estonian Biobank Research, T, Rossi, HR, Arffman, RK , et al. Advancing our understanding of genetic risk factors and potential personalized strategies for pelvic organ prolapse. Nat Commun. (2022) 13:3584. doi: 10.1038/s41467-022-31188-5 



OPS/images/fmed-10-1158907-g003.jpg
berthing

~ pelvic ligaments and fascia

pelvic floor organ

~ pelvic floor musculature





OPS/images/fmed-10-1158907-g004.jpg
MMPs
/TIMPs.

Cyclin

MIRNAs HOXA11
Inflanmatory
response






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Potential molecular targets for intervention in pelvic organ prolapse



		1. Introduction



		2. Cyclin



		3. MMPs/TIMPs



		4. miRNAs



		5. HOXA11



		6. TGF-β1



		7. IGF-1



		8. FBLN5 and LOXL1



		8.1. FBLN5



		8.2. LOXL1









		9. Oxidative stress



		10. Microenvironment of the inflammatory response



		11. Estrogen



		12. Other potential biomarkers



		13. Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fmed-10-1158907-g001.jpg





OPS/images/fmed-10-1158907-g002.jpg





OPS/images/cover.jpg
, frontiers | Frontiers in Medicine

Potential molecular targets for
intervention in pelvic organ
prolapse












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Medicine






