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ABSTRACT: Objectives: Recently, pre-/post-operative Local Estrogen Therapy (LET) has shown effectiveness in
alleviating Pelvic Organ Prolapse (POP) symptoms in clinical therapy. However, there is a lack of scientific evidence to
support these claims. Therefore, we aimed to explore the anti-senescence effects and mechanisms of 17β-estradiol (E2)
on POP-derived fibroblasts. Methods: The primary fibroblast cells were isolated and cultured from the surgical samples
of postmenopausal women clinically diagnosed with pelvic organ prolapse (POP) at stages III-IV (quantified using the
POP-Q system) and without any other treatment within 6 months. (n = 12, age 50–75). Colorimetric Cell Counting Kit
(CCK-8) assay and Senescence-Associated-β-Galactosidase (SA-β-Gal) staining were used to test the cell proliferative
capacity and the senescence rate. Western blotting (WB) was used to detect the expression of Collagen Type I (COL-I),
Collagen Type III (COL-III), Cyclin-dependent kinase 4 inhibitor A (p16INK4a), Cyclin-dependent kinase inhibitor 1A
(p21), Tumor Protein 53 (p53), Sirtuin 1 (SIRT-1) and Microtubule-associated protein 1A/1B-light chain 3-I/II (LC3-
I/II) protein. A transmission Electron Microscope (TEM) was used to observe the ultrastructure of fibroblasts. Results:
The results showed that E2 significantly promoted the proliferation of fibroblasts derived from POP and reduced the
staining rate of SA-β-Gal. It markedly enhanced the extracellular matrix proteins COL-I and COL-III, accompanied
by inhibition of the senescent maker p16INK4a. Additionally, our results improved the cells’ autophagy and metabolic
activity. Additionally, our results indicate the anti-senescence mechanism of E2 through the mediated SIRT-1/p53/p21
axis pathway. Conclusion: We provide preliminary evidence for the anti-aging effects and mechanisms of E2 on POP,
hoping to provide a theoretical basis for estrogen against POP senescence and guide the clinical application and local
administration of estrogen in POP treatment.
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1 Introduction
Pelvic Organ Prolapse (POP) is one of the common diseases of middle-aged and elderly women, mainly

manifested as uterine prolapse, anterior and posterior vaginal wall uterine prolapse, urinary retention, and
sexual dysfunction, which seriously affected the life quality of women [1]. It is estimated that the prevalence
of at least one symptom of pelvic floor dysfunction among women of reproductive age is 25% in the United
States [2], 40% among women in Spanish [3], and more than 64% among nurses in Japan [4]. At present,
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the causes of POP are not entirely understood but may be multifactorial, including increased age, vaginal
delivery, parity, decreased estrogen levels, high body mass index (BMI), increased intra-abdominal pressure,
and genetic factors [5].

Currently, 17β-estradiol (E2) has been widely used in clinical local estrogen therapy (LET) before and
after POP surgery. It is reported that pre-operatively vaginal estrogen application for 4–6 weeks improved
the matrix restoration and the integrity maintenance of pelvic floor connective tissues through increased
collagen synthesis and enhanced blood circulation [6]. Moreover, post-operative estrogen treatment could
reduce the incidence and severity of urinary frequency and urgency without obvious adverse events [7].
Although LET is effective in alleviating POP symptoms after surgery, the duration, optimal dosage, long-term
effects, and cost-effectiveness of LET are still unclearly [8].

Estrogen’s anti-senescence role is not only widely used in clinical, but also widely studied at the cell and
animal level. Dermal aging accelerates immediately after menopause owing to the lack of estrogen [9]. E2 also
regulates bone development and metabolism, promoting cell growth and differentiation to resist age-related
bone resorption and stimulate bone formation [10]. Recently, evidence suggests that E2-mediated activation
of Sirtuin 1 (SIRT-1), contributes to the anti-aging of the vascular system and the repair of neurodegenerative
diseases by regulating endothelial nitric oxide synthase (eNOS) activation, autophagy, oxidative stress,
inflammation, and DNA damage [11]. Animal studies have proved that SIRT-1 has a protective effect on
vascular endothelial cells and smooth muscle cells. Besides, E2 promotes autophagy to inhibit apoptosis in
osteoblast and chondrocytes through induced upregulation of SIRT-1 mediated by the AMP-activated protein
kinase (AMPK)/mammalian target of the rapamycin (mTOR) pathway [12]. However, the relationship
between estrogen and SIRT-1 in the background of menopause-induced POP development remains unclear,
the relative anti-senescence mechanism of estrogen on POP has not been reported yet.

With the extension of human longevity, women live in a long stage of estrogen-deficient state after
menopause, and the ovarian steroid hormone E2 deficiency results in a series of age-related diseases
especially the pelvic floor organ prolapse (POP) [13]. Pelvic organs generally contain estradiol receptors α
and β (ERα/β), which are very sensitive to estrogen levels. Decreased estrogen levels may have a significant
effect on reproductive organs [14]. In addition, estrogen profoundly affects the synthesis and metabolism of
the components of pelvic connective tissue. Atrophy of these tissues would weaken the capacity of the pelvic
floor muscles, connective tissues, and ligaments, ultimately leading to POP [15].

Although estrogen is generally used in POP clinical treatment, however, the certain effects and
mechanisms of estrogen against POP senescence have not been reported yet, and patients are still very
cautious about estrogen therapy. Therefore, we aimed to provide preliminary evidence of the anti-aging effect
and mechanism of estrogen on POP fibroblasts, hoping to provide a theoretical basis for the study of estrogen
against POP senescence and guide the clinical application and local administration of estrogen treatment
for POP.

2 Materials and Methods

2.1 Sample Collection
All vaginal anterior wall prolapse samples (n = 12, age from 50–75) were obtained from the post-

menopausal women who were clinically diagnosed with POP-Q III-IV stage of prolapse and without any
other treatment within 6 months. All samples were obtained from the surgical patients at the department
of obstetrics and gynecology department, West China Second University Hospital (Chengdu, China). This
study was approved by the Ethics Committee of Sichuan University (approval number: 2024025), Patients
consented to an informed consent process that was reviewed by the Ethics Committee of Sichuan University
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and certified that the study was performed by the ethical standards as laid down in the 1964 Declaration
of Helsinki.

2.2 Pelvic Floor Fibroblast Isolation and Culture
The obtained surgical sample was immediately cut into small pieces, digested with type-I collagenase

(Sigma, C0130, Shanghai, China) at a concentration of 1 mg/mL, placed in a 37○C water bath shaker (Crystal
Technology & Industries, Inc., SY-2230, Dallas, TX, USA) at 150 rpm for 2 h, and then passed through 70
and 40 μm cell filters filtration in sequence, the obtained single cell suspension were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Hyclone, SH30022.01B, Shanghai, China) supplemented with 15% fetal
bovine serum (FBS) (Gibco, A5256701, Shanghai, China) and 1% penicillin-streptomycin (P/S) (Hyclone,
SV30010, Shanghai, China), and all cell cultured in a humidified incubator (Heraeus, BB15, Germany) with
5% CO2 saturation at 37○C, the medium was changed for every 3 days, the first passage cell confluence at 80%
takes about 15 days and can be sub-cultured for further test, and the cells used in our experiment in the third
or fourth passage. All primary cells were free from mycoplasma contamination during the culture process.

2.3 Grouping and Administration
To obtain the best administration concentration of 17β-estradiol (E2) (Solarbio, IE0210, Beijing, China),

we tested the effect of different concentrations (range from 10−5–10−10 mol/L) of E2 on pelvic floor fibroblast
proliferation at 12, 24 and 48 h by Colorimetric Cell Counting Kit (CCK-8) (Beyotime, C0037, Shanghai,
China) assay, according to the results, the best administration concentration of E2 is 10−7 mol/L. For further
study, cells treated with equal amounts of Dimethyl sulfoxide (DMSO) (Solarbio, D8371, Beijing, China)
(Control group), 10−7 mol/L of E2 (Experiment group), and 10−8 mol/L of rapamycin (Rapa) (Solarbio,
R8140, Beijing, China) (Positive control group), respectively [16]. Besides, for measuring “autophagy flux”,
cells are treated with lysosomotropic reagents chloroquine (CQ) (Solarbio, IC4440, Beijing, China) at the
concentration of 40 μmol/L [17].

2.4 Proliferative Assay
Colorimetric Cell Counting Kit was used to test the cell proliferative capacity. The cells were seeded at

a density of 1 × 104 cells/well into the 96-well plate, and 10 μL CCK-8 reaction solution was added to each
well after administration for 12, 24, and 48 h and incubated for 2 h. The microplate reader (S/N 601-1034,
Ortenberg, Germany) was used to measure the absorbance at 450 nm. The final absorbance value is calculated
from the absorbance value of the test well minus the absorbance value of the reagent background.

2.5 Senescence-Associated β-Galactosidase (SA-β-Gal) Staining
The senescence of the pelvic floor fibroblasts was evaluated by an SA-β-Gal staining kit (Beyotime,

G1580, Shanghai, China). The cells were seeded at a density of 1 × 105 cells/well on a coverslip, when the cell
confluence at 80%–90%, fixed with 4% paraformaldehyde (Beyotime, P1110, Shanghai, China) for 15 min,
and washed 3 times with phosphate buffered solution (PBS) (Beyotime, P1020, Shanghai, China), finally,
incubated the cells with SA-β-Gal reaction solution at 37○C for 12 h according to the manufacturer’s protocol,
then washed three times with double-steaming water, SA-β-Gal positive cells were counted under the optical
microscope (Nikon, ECLIPSE TS100-F, DS-U3, Tokyo, Japan).

2.6 Western Blotting (WB) Analysis
RIPA (Beyotime, P0038, Shanghai, China) buffer was used to lyse the cells and extract total protein, and

the BCA assay kit (Beyotime, P0010S, Shanghai, China) was used to determine the protein concentration. WB
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was used to measure protein expression. The total protein equivalent (30 μg) of each sample was separated by
10% sodium dodecyl sulphate-polyacrylamide gel (SDS-PAGE) (Invitrogen Life Technologies, Inc., NP0302,
Carlsbad, CA, USA) and polyvinylidene fluoride (PVDF) (Invitrogen Life Technologies, Inc., IPVH00010,
USA) membranes in the membrane transfer system. Then, the membrane was placed in 5% fat-free milk
and sealed at room temperature for 2 h. After washing with Tris Buffer Saline-Tween 20 (TBST) (Sigma-
Aldrich, T9039, Saint Louis, MO, USA), Followed by incubated with primary antibodies against p16INK4A,
p21, p-53 and SIRT-1 (1:3000 dilution, Cell Signaling Technology, Inc., 18769T, 2947T, 9282T, 8469, Danvers,
MA, USA), COL-I & COL-III (1:3000 dilution, Proteintech, Inc., 14695-1-AP, 22734-1-AP, Rosemont, IL,
USA), LC3-I/II and GAPDH (1:3000 and 1:5000 dilution, Signalway Antibody, Inc., 29357, 37985-1, Shanghai,
China) at 4○C overnight, and then incubated with anti-rabbit IgG (HRP) (1:3000 dilution, Cell Signaling
Technology, 7074, USA) or anti-mouse IgG (HRP) (1:3000 dilution, Sigma-Aldrich, A4416, USA) at room
temperature for 1 h. The membranes were visualized in Molecular Image R© ChemiDocTM XRS+ system
(Bio-Rad Inc., ChemiDoc, 1708265, Boulder, CO, USA) with Image LabTM Software and analyzed by Image
J 1.44p software (National Institutes of Health, Version 1.44p, Bethesda, MD, USA).

2.7 Ultrastructure of Fibroblasts Observed under Transmission Electron Microscope (TEM)
Take the logarithmic growth phase fibroblasts, expand the culture, and collect cells, so that the total

number of cells reaches 2× 107, washing with PBS and centrifuge (Anhui USTC Zonkia Scientific Instruments
Co., Ltd., SC-3614, Hefei, China) at 1000 rpm for 5 min, then resuspend the cells with 1:6 diluted fixating
solution (3% glutaraldehyde: PBS) and stand at 4○C for 5 min, after that, centrifuge at 10000 rpm for 15 min,
discard the supernatant, and then fix with 3% glutaraldehyde at 4○C for 2 h. after dehydration, immersion,
embedding, slicing and staining, the cells are observed under a transmission electron microscope (TEM)
(Hitachi, HT7800, Tokyo, Japan).

2.8 Statistical Analysis
Results were analyzed by GraphPad Software (GraphPad Prism 9.0, San Diego, CA, USA). The values are

expressed as mean± SEM in at least three independent experiments performed. The data were analyzed using
one-way analysis of variance (ANOVA) and post-hoc analysis, A p-value of less than 0.05 was considered
statistically significant (*p < 0.05, **p < 0.01), and the significance was calculated by comparing the controls
with experimental groups.

3 Results

3.1 The Effect of E2 on Human Pelvic Floor Fibroblast Proliferation
The isolated primary cultured fibroblasts of the human vaginal anterior wall generally need about 15

days to reach 80%–90% confluence, the growth process of these primary fibroblasts is shown in Fig. S1. We
performed cellular immunocytochemistry to identify the isolated and cultured fibroblasts. Fig. S2 showed
that the specific structural proteins of fibroblasts, including vimentin and α-smooth muscle protein (α-SMA),
are stained as brown granular substances in the cytoplasm, and epithelial cell markers Cytokeratin staining
was negative, Indicating the isolated cells were verified as fibroblasts.

As shown in Fig. 1A, the absorbance of primary fibroblasts after being treated with E2 for 48 h was
higher than that of 12 and 24 h, indicating that E2 treatment for 48 h has a stronger ability to promote
the proliferation of fibroblasts. In addition, the absorbance value of fibroblasts increased with the E2
concentration until 10−7 mol/L in each treated time point, after that, gradually decreased, and the absorbance
value had a significant difference between the concentration of 10−7 mol/L and control (*p < 0.05). Therefore,



BIOCELL. 2025;49(2) 339

we choose E2 treatment for 48 h and a concentration of 10−7 mol/L for further research. We further illustrated
the proliferation ability of E2 and found that E2 can significantly enhance the proliferation of fibroblasts
(*p < 0.05), however, rapamycin as a positive control seems to not affect cell proliferation, as shown in Fig. 1B.

Figure 1: The effect of E2 on human pelvic floor fibroblast proliferation. (A) Selection of estrogen treatment time and
concentration (x ± s, n = 3); *p < 0.05, E2 vs. control group. (B) The effect of E2 on fibroblast proliferation (x ± s, n = 3);
*p < 0.05, E2 vs. control group. Note: E2: 17β-estradiol, Rapa: Rapamycin

3.2 SA-β-Gal of Human Pelvic Floor Fibroblasts
The SA-β-gal staining was tested to detect the anti-aging effect of E2. As shown in Fig. 2A, the

cells stained blue are SA-β-gal staining positive cells. Compared with the control, estrogen administration
significantly decreased the number of positive cells, and there is no significant difference between the E2 and
rapamycin groups. Fig. 2B shows the statistical results of the staining positive rate, the staining rate of the
E2 group was significantly reduced by 3.9% compared with the control (**p < 0.01), the staining results of all
samples are shown in Fig. S3, indicating that E2 had a significant anti-aging effect.

Figure 2: SA-β-gal of human pelvic floor fibroblasts ×100. (A) SA-β-Gal staining of fibroblasts (B) Statistical plots of
the rate of positive SA-β-Gal staining cells (x ± s, n = 6); **p < 0.01, E2 vs. control group. Note: E2: 17β-estradiol, Rapa:
Rapamycin, SA-β-Gal: Senescence-Associated-β-Galactosidase
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3.3 The Expression of Senescence-Related Function and Marker Proteins of Human Pelvic Floor Fibrob-
lasts
Collagen fibers as the main component of the ligament tissue, mainly composed of type-I and III

collagen. The decrease in the quantity and quality of collagen fibers and the change in the ratio of collagen
subtypes would result in the flabby of the pelvic floor tissue, ultimately leading to pelvic floor organ prolapse.
The senescent cells usually highly expressed the senescence marker protein p16INK4a, indicating that p16INK4a

plays a crucial role in regulating cell aging. As shown in Fig. 3A,B, our results showed that the expression
level of COL-I and COL-III in the E2 treated fibroblasts are remarkedly increased by 1.88 (**p < 0.01) and
1.84 (**p < 0.01) times respectively, and the senescence marker protein p16INK4a significantly decreased by
0.66 (**p < 0.01) times compared to control, and a similar p16INK4a expression trend was also observed
in the rapamycin group, indicating that E2 may improve the synthesis of functional proteins of senescent
cells to remodel the Extracellular Matrix (ECM), and remit the cells senescence by reduce the aging protein
expression, thereby exerting anti-senescence effects.

Figure 3: The expression of functional and senescence-related proteins of human pelvic floor fibroblasts. (A) The
expression levels of COL-I, COL-III, p16INK4a proteins using western blots to test (x ± s, n = 3); (B) The statistical plots
of detected protein (x ± s, n = 3); **p < 0.01, E2 vs. control group. Note: COL-I: Collagen Type I, COL-III: Collagen Type
III, p16INK4a: Cyclin-dependent kinase 4 inhibitor A, E2: 17β-estradiol, Rapa: Rapamycin

3.4 Changes of Autophagy Flux and Ultrastructure of Pelvic Floor Fibroblasts
To obtain further insights into the anti-senescence capability of E2 on fibroblasts, we measured the

cell autophagy flux-LC3 turnover rate. The difference in the ratio of LC3-II/I with and without chloroquine
between the different treatment groups represents the degradation amount of LC3 delivered to the lysosome.
As shown in western blot analysis (Fig. 4A), the ratio of LC3-II/I of the control and control + CQ group
were 0.925 ± 0.07 and 1.293 ± 0.02 respectively, while the ratio of LC3-II/I of E2 and E2 + CQ group was
increased to 1.152 ± 0.08 and 1.826 ± 0.09, respectively (Fig. 4B). The ratio of LC3-II/I in the E2 + CQ group
were significantly increased compared to the control + CQ (#p < 0.05) and E2 group (*p < 0.05), the increase
of the ratio which indicated an increase of autophagic flux. Indicating that E2 regulated the formation and
degradation of autophagy and increased phagocytic flux to play an anti-senescence role.

The ultrastructure of fibroblasts was examined by transmission electron microscopy (TEM). As shown
in Fig. 4C, in the control group, mitochondria were swollen, vacuolated, and enlarged, mitochondria cristae
ruptured and disappeared, the endoplasmic reticulum expanded and a small number of autophagosomes and
autolysosomes were observed. In the E2 treatment group, mitochondria quantity increased accompanied by
swelling decreased, mitochondria cristae were distinct, autophagosomes and autolysosomes increased, and
similar results were also observed in the rapamycin-treated group. Implying that E2 inhibits senescence by
promoting the cell metabolic activity.
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Figure 4: Changes of autophagy flux and ultrastructure of pelvic floor fibroblasts after E2 treatment. (A) the protein
levels of LC3-I and LC3-II with or without chloroquine (CQ) using western blots to detect (x ± s, n = 3); (B)
The statistical plots of detected proteins (x ± s, n = 3); *p < 0.05, E2 + CQ vs. E2 group; #p < 0.05, E2 + CQ vs.
Control+CQ group. (C) Ultrastructure of fibroblasts observed under transmission electron microscopy at×2000/4000
magnification. The red arrows indicate mitochondria, while the red lines represent autophagosomes. In the control
group, mitochondria exhibited swelling and vacuolation, with ruptured and absent cristae (red arrows), and a limited
formation of autophagosomes was observed (red lines). In the E2 treatment group, there was an increase in the number
of mitochondria, a reduction in mitochondrial swelling, and a clearer appearance of cristae (red arrows), alongside an
increase in the number of autophagosomes and autolysosomes (red lines). The rapamycin group presented results that
were similar to those of the E2 group (x ± s, n = 3). Note: LC3-I: Microtubule-associated protein 1A/1B-light chain 3-I,
LC3-II: Microtubule-associated protein 1A/1B-light chain 3-II, GAPDH: Glyceraldehyde-3-phosphate dehydrogenase,
CQ: Chloroquine, E2: 17β-estradiol, Rapa: Rapamycin
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3.5 Changes in the SIRT-1/p53/p21 Axis in Fibroblasts after E2 Treatment
Sirtuin 1 (SIRT-1) is a histone deacetylase, which regulates cell proliferation, differentiation, metabolism,

aging, and apoptosis to play a crucial role in the anti-senescence process. In our study, SIRT-1 was markedly
down-regulated in senescent fibroblasts, accompanied by markedly up-regulation of p53 and p21. However,
after E2 administration, The SIRT-1 was significantly up-regulated by 1.50 times (**p < 0.01), and p53 and p21
were significantly down-regulated by 2.40 and 1.59 times (**p < 0.01) compared to the control, a similar trend
of the level of p21 and p53 were also observed in the rapamycin group (Fig. 5A, B). The SIRT-1/p53/p21 axis
is a typical aging regulation pathway, these results indicated that the SIRT-1/p53/p21 pathway was involved
in regulating the E2-mediated anti-aging process of fibroblasts.

Figure 5: Changes in the SIRT-1/p53/p21 axis in fibroblasts after E2 treatment. (A): Fibroblasts were harvested to detect
the protein levels of SIRT-1, p53 and p21 using western blots (x ± s, n = 3); (B) The statistical plots of SIRT-1, p53
and p21 protein (x ± s, n = 3); **p < 0.01, E2 vs. control group. Note: SIRT-1: Sirtuin 1, p53: Tumor Protein 53, p21:
Cyclin-dependent kinase inhibitor 1A, GAPDH: Glyceraldehyde-3-phosphate dehydrogenase, E2: 17β-estradiol, Rapa:
Rapamycin

4 Discussion
With the increase of age, women experience prolonged estrogen deficiency post-menopause. The

increase in senescent cells is believed to have a profound negative impact on tissue function in elderly
animals [18]. Thus, the basic biological mechanisms associated with cellular senescence may partly be
responsible for age-related tissue dysfunction, degeneration, and pathological alterations [19]. The main
functional cells in the connective tissue of the pelvic floor are fibroblasts, altered in their quantity, and
activity, and extracellular matrix (ECM) secretion capabilities may contribute to the damage to the tissue
elasticity and strength. To verify the anti-aging effect and mechanism of estrogen, we cultured primary
fibroblasts and identified the estrogen-mediated improvement of the aging phenotype. According to our
results, after being treated with estrogen, the senescent fibroblast proliferation activity, autophagy flux, and
metabolic activity were enhanced, while SA-β-Gal activity was decreased. Additionally, the expression of
functional proteins including type-I and type-III collagen was significantly increased, and senescence-related
marker p16INK4a was significantly reduced. These results were consistent with several key anti-senescence
phenotypes displayed in neurons, liver cells, and adipocytes [20]. Furthermore, we illustrated that estrogen
exerts anti-senescence effects by mediating the SIRT-1 axis.

According to the results, E2 has the most significant ability to promote proliferation at the con-
centration of 10−7 mol/L, which was consistent with other research of E2 decreased senescence and
improved the osteogenic ability of Bone marrow-derived mesenchymal stem cells (BM-MSCs) [21]. Also,
E2 (10−7 and 10−9 mol/L) prevented telomere shortening by reducing oxidative stress and decreasing h-MSC
senescence [22].
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Since cell senescence is accompanied by the inhibition of cell proliferation, our results showed that
E2 promoted the proliferation of senescent fibroblasts. Savoia et al. [23] also found that E2 improved the
proliferation activity of human skin keratinocytes/fibroblast to prevent the cells from UV damage. SA-β-Gal
is a method used by other studies to verify the reversal of aging, in our study, we also found that E2 was able
to inhibit the senescence of fibroblasts.

Changes in the collagen content of the pelvic floor connective tissue, such as collagen degradation,
structural alterations, and proportions imbalances, also play an important role in POP. The immature
collagen and elastic fibers would weaken the mechanism support effect of the pelvic floor [24]. Moalli
et al. [25] found that the decrease in the type-I/-III ratio of POP patients’ fascia caused a significant weakening
of the pelvic floor tissue. In estrogen-deficient women, Type-I and type-III collagens are also considered
to reduce. The clinical results of pre-operatively vaginal estrogen application for 6 weeks increased the
synthesis and maturity of collagen, and enhanced the thickness of the vaginal wall, thereby improving the
postoperative matrix repair and maintaining the organizational integrity of pelvic floor connection [6].
Our results found that E2 may promoted the expression of type-I/-III collage, as Fig. 3A,B shown. In
addition, researchers have illustrated that E2 increased collagen by induced vascular endothelial growth
factor (VEGF) improved the transforming growth factor-β (TGF-β), and reduced collagen degradation by
inhibited matrix metalloproteinases (MMPs) and increased tissue inhibitor of metalloproteinase (TIMP) in
the dermal fibroblasts [26].

It is generally believed that E2 plays a crucial role in mitochondrial biogenesis and
macrophage/autophagy function through estrogen receptors. The LC3 turnover rate is a parameter
for measuring autophagy flux. As shown in Fig. 4A–C, we tested the changes in cell autophagy flux,
mitochondria, and autophagosomes after E2 treatment, revealing that E2 played an anti-aging effect by
mediating the increase of autophagy flux and cell metabolic activity. Singh et al. [27] found that hormone-
induced activation of ERα regulated cell autophagy and mitochondrial division and biogenesis, while
ERβ also induced autophagy to inhibit the migration and invasion of breast cancer cells. Additionally,
Gavali et al. [28] found demonstrated that E2 promoted autophagy during osteoblast differentiation by
up-regulating rab3gap1, and increased the survival and mineralization capacity of osteoblasts. Furthermore,
mitochondria and autophagy play a central role in cell energy metabolism, its dysfunction leads to metabolic
disorders and pathological features of aging [29].

SIRT-1 is a mammalian NAD+-dependent histone deacetylase responsible for deacetylating p53,
thereby regulating apoptosis, stress response, cell metabolism, DNA repair, and cell aging. Consistent with
our research, Sasaki’s data showed that E2 up-regulated SIRT-1 in ovariectomy (OVX) models, which
induced senescent vascular endothelial cells and deacetylated p53, thereby, remitting arterial senescence
and atherosclerosis which caused by menopause [30]. Estrogen usually mediated downstream reactions
through Estrogen Relative Receptor (ERR) activation, and clinical local estrogen therapy has been shown
to increase ERα expression, facilitating the proliferation of posterior vaginal tissues in postmenopausal
women [31]. Studies have also found that E2 can eliminate oxidative stress in an ERα/SIRT-1-dependent
manner to improve memory impairment, neuroinflammation, and neurodegeneration in adult mice [11]. In
addition, both estrogen and hypothalamic ERα are related to aging, and long-term estrogen therapy may
prolong the healthy lifespan of postmenopausal women [32]. In our study, the expression level of SIRT-1
was significantly up-regulated after estrogen treatment. More importantly, estrogen not only up-regulated
SIRT-1 but also inhibited p53 acetylate and further inhibited the p21 expression to inhibit the senescence of
pelvic floor fibroblasts, this supported the hypothesis that estrogen inhibits fibroblasts senescence through
the SIRT-1/p53/p21 axis. Similar findings were reported by Wen et al., who demonstrated that the SIRT-
1/p53/p21 signaling pathway played an important role in inhibiting the senescence of osteoblasts in aged



344 BIOCELL. 2025;49(2)

rats [33]. As shown in Fig. 6, in conclusion, our study illustrated that estrogen mediated the signal pathway
of the SIRT-1/p53/p21 axis to decrease the number of senescent cells and promote fibroblast proliferation
and metabolic function. These effects contribute to alleviating pelvic floor muscle atrophy and degeneration,
thereby inhibiting the progression of POP.

Figure 6: The effect and mechanism of estrogen anti-senescence. The primary fibroblasts derived from pelvic floor
vaginal anterior wall prolapse samples were isolated, cultured, and identified, then treated with estrogen and found that
estrogen decreased the number of senescent cells and enhanced the synthesis, secretion, and maturation of ECM, pro-
moted the proliferation activity and metabolic function of fibroblasts through mediated the SIRT-1/p53/p21 axis signal
pathway to inhibit the POP progress. Note: ECM: Extracellular Matrix, POP: Pelvic Organ Prolapse, SIRT-1: Sirtuin 1,
p53: Tumor Protein 53, p21: Cyclin-dependent kinase inhibitor 1A, SA-β-Gal: Senescence-Associated-β-Galactosidase

5 Limitation
At present, our results are limited and focused on the role of estrogen in regulating the SIRT-

1/p53/p21 axis, and the system anti-aging mechanism still needs to be supplemented. In addition, E2
exerts anti-aging effects by regulating other signaling pathways such as phosphatidylinositide 3-kinases-Akt
kinase/mammalian target of rapamycin (PI3K-Akt/mTOR) and mitogen-activated protein kinase (MAPK)
et al., which also need further in-depth study.

6 Conclusion
The present study indicated that estrogen promoted the proliferation and autophagy activity of fibrob-

lasts, as well as enhanced the synthesis of extracellular matrix such as COL-I and COL-III. In addition,
the current study observed that estrogen played an improvement role by regulating the SIRT-1/p53/p21
axis. These findings provide a theoretical basis for the anti-aging effect and mechanism of estrogen on
POP fibroblasts, which indicates that the clinical application and local administration of estrogen on POP
treatment may be helpful for long-term maintenance and rejuvenation of connective tissue of the pelvic floor.

Acknowledgement: We would like to express our sincere gratitude to the patients who participated in this study for
providing samples and their invaluable support.

Funding Statement: This research work was supported by 1.3.5 project for disciplines of excellence, West China
Hospital, Sichuan University (ZYJC21048), Foundation of Sichuan Provincial Science and Technology Program
(2022JDR0091, 2023NSFSC0004, 2023NSFSC0639, 2023NSFSC1742), Cooperation Project for Academician & Expert
Workstation (HXYS20001) and Sichuan University Education Foundation (0040206107011), National Natural Science



BIOCELL. 2025;49(2) 345

Foundation of China (Nos. 82371883, 82402191), China Postdoctoral Science Foundation (2023M732456), Postdoctor
Research Fund of West China Hospital (2024HXBH142), and Sichuan University “From 0 to 1” Innovation Research
Project (2023SCUH0056).

Author Contributions: The authors confirm contribution to the paper as follows: study conception and design:
Juan Cheng, Jiang Wu, Zhiwei Zhao, Yali Miao; data collection, analysis and interpretation of study: Juan Cheng,
Zhiwei Zhao, Ling Wang; draft manuscript preparation: Juan Cheng, Zhiwei Zhao; revise the important intellectual
content: Jiang Wu, Yali Miao, Ling Wang, Jirui Wen. All authors reviewed the results and approved the final version of
the manuscript.

Availability of Data and Materials: The authors confirm that the data supporting the findings of this study are available
within the article and its supplementary materials.

Ethics Approval: All Pelvic floor vaginal anterior wall prolapse samples (n = 12, age from 50–75) were obtained
from surgical patients at the department of obstetrics and gynecology department, West China Second University
Hospital (Chengdu, China). This study was approved by the Ethics Committee of Sichuan university (approval number:
2024025), Patients were consented by an informed consent process that was reviewed by the Ethics Committee of
Sichuan university and certify that the study was performed in accordance with the ethical standards as laid down in
the 1964 Declaration of Helsinki.

Conflicts of Interest: The authors declare no conflicts of interest to report regarding the present study.

Supplementary Materials: The supplementary material is available online at https://doi.org/10.32604/biocell.2025.
059573.

Abbreviations
COL-I Collagen Type I
COL-III Collagen Type III
p16INK4a Cyclin-dependent kinase 4 inhibitor A
p21 Cyclin-dependent kinase inhibitor 1A
p53 Tumor Protein 53
LC3-I/II Microtubule-associated protein 1A/1B-light chain 3-I/II
LET Local Estrogen Therapy
POP Pelvic Organ Prolapse
E2 17β-estradiol
POP-Q POP Quantification system
CCK-8 Colorimetric Cell Counting Kit
SA-β-Gal Senescence-Associated-β-Galactosidase
WB Western Blotting
TEM Transmission Electron Microscope
BMI Body Mass Index
SIRT-1 Sirtuin 1
eNOS Endothelial Nitric Oxide Synthase
AMPK AMP-activated Protein Kinase
ERα/β Estradiol Receptors α and β
DMSO Dimethyl sulfoxide
Rapa Rapamycin
CQ Chloroquine
SDS-PAGE Sodium Dodecyl Sulphate-polyacrylamide Gel
PVDF Polyvinylidene Fluoride
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TBST Tris Buffer Saline-Tween 20
p p-value
α-SMA α-Smooth Muscle Protein
ECM Extracellular Matrix
OVX Ovariectomy
ERR Estrogen Relative Receptor
BM-MSCs Bone Marrow Derived Mesenchymal Stem Cells
VEGF Vascular Endothelial Growth Factor
TGF-β Transforming Growth Factor-β
MMPs Matrix Metalloproteinases
TIMP Tissue Inhibitor of Metalloproteinase
PI3K-Akt Phosphatidylinositide 3-kinases-Akt kinase
mTOR Mammalian Target Of the Rapamycin
MAPK Mitogen-Activated Protein Kinase
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