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SUMMARY The altered behaviors and functions of pelvic floor fibroblasts are pathophysiological changes of
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pelvic organ prolapse (POP). Our previous study showed that advanced glycated end products (AGEs)
accumulated in the pelvic tissues of POP and induced fibroblast apoptosis. The study was designed
to investigate whether quercetin antagonize AGEs-induced apoptosis and functional inhibition of
fibroblasts. The uptake of 5-ethynyl-2'-deoxyuridine (EdU) was evaluated for cell proliferation. Flow
cytometric analysis was applied for cell apoptosis. Intracellular reactive oxygen species (ROS) content
was determined by the fluorescence of dichlorofluorescein (DCF). The contractility of fibroblasts was
measured by collagen gel contraction assay. The expressions of extracellular matrix (ECM) related
genes and the expression of miR-4429 and caspase-3 were quantified by qPCR. The expressions of
phosphatase and tensin homolog (PTEN), phosphoinositide 3-kinase (PI3K), serine-threonine kinase
(Akt), and phosphorylated Akt (p-Akt) were analyzed by Western Blot. The down-regulation of miR-
4429 was achieved by cell transfection. Quercetin antagonized AGEs-induced apoptosis, proliferation
inhibition, and ROS increase in fibroblasts. Quercetin did not alleviate AGEs-induced contractile
impairment of fibroblasts. Quercetin reduced the gene expressions of lysyl oxidase like protein 1
(LOXL1) and matrix metallopeptidase 1 (MMP1), and increased the gene expressions of lysyl oxidase
(LOX) and fibrillin 2 (FBN2) in fibroblasts. Quercetin reversed AGEs-induced upregulation of PTEN
and downregulation of PI3K, P-Akt, and miR-4429 in fibroblasts. The inhibitory effect of quercetin
on AGEs-induced fibroblast apoptosis was inhibited by downregulating the expression of miR-4429.
In conclusion, quercetin antagonized AGEs-induced apoptosis and functional inhibition of fibroblasts
from the prolapsed uterosacral ligament. And inhibiting AGEs-induced down-regulation of miR-4429/
PTEN/PI3K/Akt pathway was the mechanism underlying the antagonistic effect of quercetin on AGEs-
induced apoptosis.

pelvic organ prolapse, quercetin, fibroblasts, advanced glycation end products

1. Introduction

Pelvic organ prolapse (POP), caused by damages or
weakness of the pelvic supportive tissues, is a common
degenerative disease in women. The incidence of
symptomatic POP was 9.6% in Chinese women over
the age of 20 (/). Given the high prevalence, the
pathophysiology of POP has not been understood.
The abnormal contents and structures of collagen and
elastic fibers in pelvic floor connective tissues lead to
the decrease of mechanical strength for pelvic organs.

Pelvic supportive tissues include the levator ani muscle
complex and connective-tissue attachments of the pelvic
organs (2). Fibroblasts are responsible for the regulation
of extracellular matrix (ECM) that determines the
mechanical properties of pelvic connective tissues. The
previous studies reported functional differences among
cell proliferation, contractility, adhesion, oxidative
stress, and ECM metabolism between fibroblasts from
the prolapsed and normal tissues (3-7). Therefore,
investigation on fibroblasts is important to reveal the
reasons behind the impaired supportive structures in
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POP.

Advanced glycation end products (AGEs) refer to
a heterogeneous group of glycation adducts of proteins
by glucose or other saccharides. AGEs could induce a
series of cell inflammation and oxidative stress and have
been extensively investigated in diabetes mellitus (8,9).
In addition, AGEs affected the metabolism of collagens
by accelerating collagen degeneration, resulting in
tissue strength impaired, skin aging (/0), and bone
remodeling (/7). In 1996, Jackson et al. first reported
that the level of advanced glycation cross-links elevated
in prolapsed vaginal-epithelial tissue (/2). Our previous
report indicated that AGEs content increased in the
vaginal wall of the POP patients in contrasted with the
non-POP patients (/3). Then, several studies also found
an elevated level of AGEs in the muscularis propria
of vaginal wall among POP patients (/4,15), but the
mechanisms of AGEs participating in the development
of POP were not studied. Similar to the pathogenesis
in diabetes complications, we previously reported that
AGESs reduced the type I collagen by increasing the
expression of matrix metalloproteinase-1 (MMP-1) in
human vaginal fibroblasts through the receptor for AGEs
on cell membrane (/6). In our recent study, we reported
that AGEs induced the expression of phosphatase and
tensin homolog (PTEN) via reducing the expression
of miR-4429, thus suppressing the phosphoinositide
3-kinase (PI3K)/ serine-threonine kinase (Akt) pathway
and induced fibroblast apoptosis (7).

Quercetin, as a widely studied natural flavonoid, was
reported as an effective antioxidant, which improved
renal function in diabetic nephropathy rats by inhibiting
intracellular reactive oxygen species (ROS) (/8) and
ameliorated myocardial injury caused by oxidative stress
(19). Oxidative stress is one of the factors leading to
cellular senescence, and the role of quercetin in delaying
cellular senescence has been studied. Quercetin delayed
the senescence of skin fibroblasts by inhibiting the
increase of intracellular H,0, and iron death caused by
UV irradiation (20). Quercetin selectively eliminated
senescent cells, and its use in combination with dasatinib
was known as Senolytics therapy (27). In the mouse
model of idiopathic pulmonary fibrosis, quercetin
induced the apoptosis of senescent fibroblasts to inhibit
fibrosis (22). Aging is a risk factor for POP. In addition,
senescence and oxidative stress of pelvic floor fibroblasts
resulted in the apoptosis and dysregulation of ECM
metabolism (23,24). Therefore, it is worth exploring
whether quercetin achieve the therapeutic effect for POP
by inhibiting the apoptosis of pelvic floor fibroblasts and
maintaining ECM homeostasis. What's more, quercetin
inhibits AGEs formation via chelating metal ions and
trapping methylglyoxal (25). Previous studies reported
that quercetin suppressed AGEs-induced cell apoptosis in
human skin fibroblasts (26) and reversed dietary AGEs-
induced cognitive dysfunction in aged mice (27).

The present study aimed to investigate whether

quercetin antagonizes the apoptosis and functional
inhibition of pelvic floor fibroblasts induced by AGEs,
and further explore the mechanism of quercetin in
antagonizing the apoptosis of fibroblasts. We isolated
fibroblasts from the human uterosacral ligament in POP
and non-POP patients and evaluated the influences of
AGESs and quercetin on cell proliferation, apoptosis,
ROS, contractility, and ECM production. We found
that quercetin antagonized AGE-induced apoptosis and
functional inhibition of fibroblasts. In addition, quercetin
reduced the apoptosis of fibroblasts by inhibiting the
AGEs-induced downregulation of the miR-4429/PTEN/
PI3K/Akt pathway.

2. Materials and Methods
2.1. Ethics statement

Human protocols in current study were authorized
by the local Ethics Committee of the Obstetrics and
Gynecology Hospital of Fudan University (Shanghai,
China). The number is 2021-234. The study included a
total of 20 subjects who underwent a hysterectomy at the
same hospital from January to October 2021. All subjects
in the study had signed informed consent before the
operations. The sample in the study was a piece of the
uterosacral ligament with a size of 0.5 cm” which was cut
from the removed uterus during operations.

2.2. Patients

There were 20 patients included in the POP and non-
POP groups according to the inclusion and exclusion
criteria, 10 patients in each group. Inclusion criteria of
the POP group are including > 45 years old, POP-Q
(pelvic organ prolapsed quantification) > stage III
(28,29), and received hysterectomy. Inclusion criteria
of the non-POP group are including > 45 years old,
without any pelvic organ prolapsed manifestation,
received a hysterectomy at the same hospital due to
other benign gynecological diseases (uterine fibroids,
cervical precancerous lesions, endometrial lesions,
postmenopausal ovarian benign tumors). Patients who
had pelvic surgeries, pelvic inflammation, malignant
diseases, severe systemic diseases, and with a history
of hormone replacement therapy were ruled out. The
clinical data files were collected from all the included
patients and the information about age, body mass
index, parity, and menopause rate were reported in our
previous study (/7).

2.3. Isolation and culture of the primary cells

Human uterosacral ligament fibroblasts were obtained
from patients who underwent a hysterectomy. A piece
of fresh tissue with a size of 0.5 cm” was collected after
the removal of the uterus during the operation. The fresh
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tissue specimens were washed with phosphate-buffered
saline (PBS) containing 1% penicillin, streptomycin,
and amphotericin B (Genom, Hangzhou, Zhejiang,
China) and cut into 1 mm’ pieces. Then the tissue pieces
were put into the type I collagenase (Sigma-Aldrich, St.
Louis, MO, USA) solution and shook up for 1 hour at
37°C. The digested mixture was centrifuged to collect
the cell pellet. The cell pellet was resuspended in 1 mL
of DMEM medium containing 20% fetal bovine serum
(FBS) (Gibco, Grand Island, NY, USA) and 1% triple
antibiotic (Genom) and transferred to six-well plates.
The culture plates were placed in a cell incubator and the
culture medium was changed when some adherent cells
could be observed. From then on, the primary cells were
cultured at 37°C in a 5% CO, atmosphere, and renewed
the medium every 2-3 days. Identification of the primary
fibroblasts was performed and the results were reported
in the previous study (/7). Fibroblasts were passaged at
80% confluency and the cells with passages 3-5 were
used in the current study.

2.4. Cell apoptosis assay

Cell apoptosis assays were conducted by flow cytometric
analysis using a fluorescein isothiocyanate (FITC)
Annexin V/propidium iodide (PI) kit (BD Bioscience,
San Jose, CA, USA) according to the manufacturer's
instructions. Cultured fibroblasts were collected and
washed by staining buffer (BD Bioscience) for 2 times.
The cell suspension was centrifuged at 800x g for 5
min. Then FITC and PI were successively added into
the 300 pL staining buffer to make cells stained by the
fluorescence for 15 min and 10 min in dark at room
temperature. All prepared cell samples were assayed by
a flow cytometry (Becton Dickinson, Franklin Lakes,
NJ, USA). The viable cells and apoptotic cells were
distinguished by the detection of fluorescence signals.
All data generated by flow cytometry were processed
by the FlowJo version X.0.7. Number of positive cells
was determined in comparison to the unstained cells as
controls.

2.5. Cell proliferation assay

Proliferative capacity was assessed by the incorporation
of a thymidine analog 5-ethynyl-2'-deoxyuridine (EdU)
using an EdU cell proliferation kit (Beyotime, Shanghai,
China). The cultured fibroblasts were incubated on
6-well plates and labeled with 10 uM EdU for 6 hours
after BSA or AGE-BSA treatment. After discarding
the culture solution, fibroblasts were incubated in 4%
paraformaldehyde for 20 min at ambient temperature.
Then fibroblasts were incubated with 0.3% Triton
X-100 for 10 min at ambient temperature. Click additive
solution was prepared by blending the click reaction
buffer, CuSO4, 488 Azide according to the instructions.
And then click additive solution was added into cell

culture dishes, incubating for 30 min in dark. Then
the Hoechst 33342 was added to cell culture dishes,
incubating for 30 min in dark. Fluorescent images
were captured using a fluorescence microscope (Leica,
Wetzlar, Germany). EAU positive cell rate was calculated
by Image J software (1.40g, Wayne Rasband National
Institutes of Health, USA). The cell proliferation rates
were calculated as the ratio of EdU positive nuclei
number to total nuclei number.

2.6. Contractility assay

The contractile activity of fibroblasts was determined by
cell-mediated collagen gel contraction assay according to
the method previously reported (30). 1.0 mg/mL type I
rat tail collagen solution (BD Biosciences) was prepared
by adding 1 M NaOH, to adjust the final pH value to
7.2. The adherent cells were digested and resuspended
in PBS to obtain the final cell concentration. The
appropriate number of fibroblasts was then transferred to
the neutralized collagen solution. Then the mixture was
incubated on ice for 5 min and was pipetted into 12-well
culture dishes. The gel coagula were then gently detached
from the bottom of the well after being incubated for 1 h
at 37°C. A DMEM solution with 50 pg/mL BSA, 50 pg/
mL AGE-BSA, or 20 uM quercetin (Sigma) was added
to each well. Then cells were static cultured and the gels
were observed periodically. Maximum effects on gel
contraction were obtained within 72 hours of culture. A
chemiluminescence imager was used to take pictures and
record gel shrinkage at 0, 24, 48, and 72 hours after the
culture. The area of each gel was measured using Image
J, and the area proportion of each gel compared to its
initial area was calculated. The percentage of gel area to
the initial gel area was calculated. The area proportion
was inversely proportional to the cell-mediated collagen
contractile capacity.

2.7. Intracellular ROS quantification

The intracellular ROS levels were determined by
measuring the fluorescent dichlorofluorescein (DCF)
using a ROS assay kit (Beyotime). Fluorescent
DCF was transformed from the cell-permeable 2',
7' dichlorofluorescein diacetate (DCFH-DA) under
oxidation by intracellular ROS. Before loading DCFH-
DA, cells were treated with 50 pg/mL BSA, 50 pg/mL
AGE-BSA, or 20 uM quercetin for 24 hours. Then, the
culture medium was replaced by DMEM with 10 uM
DCFH-DA, and cells were incubated at 37°C for 30 min.
The culture media were removed and cells were washed
using DMEM. Then DCF fluorescence distribution was
detected by fluorescence microscope or analysis by flow
cytometry after cell collection at the wavelength of 488
nm/535 nm.

2.8. Cell transfection
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Fibroblasts were cultured in a 6-well plate with complete
medium without antibiotics. Once achieving 40-50%
confluence, the complete medium was replaced by 1.5
mL/well preheated serum-free DMEM medium. Then,
miR-4429 inhibitor or negative control (NC) was diluted
by Opti-MEM (Gibco) (15 pL miR-4429 inhibitor or
inhibitor NC in 250 pL Opti-MEM) and blended with
diluted Lipofectamine 2000 (Thermo Fisher Scientific,
Waltham, MA, USA) (5 pL Lipofectamine 2000 in 250
pL Opti-MEM). The mixture was thoroughly mixed and
stood for 20 minutes at ambient temperature, and then
it was carefully added to the culture medium, 500 pL/
well. The 6-well plates were static cultured for 6 hours.
Then the culture medium was replaced by the completed
culture medium and the cells were continued to culture
for 24-48 hours before they were used in the subsequent
experiments. The sequences of miR-4429 inhibitor and
inhibitor-NC were listed in Table 1.

2.9. Western blotting

The cultured fibroblasts were treated by lysis
buffer (Beyotime). Total proteins were extracted by
centrifugation and were separated under electrophoresis.
Separate proteins were transferred to polyvinylidene
fluoride membranes. The blocking solution was 5%
bovine serum albumin (Sigma) or nonfat-dried milk/
TBST. Then, membranes were successively incubated
with the primary and secondary antibodies under
optimal conditions. The antibodies in the present
study included anti-PI3K antibody, anti-pan-Akt
antibody, anti-phosphorylated Akt (S473) antibody
(Cell Signaling Technology, Danvers, MA, USA), anti-
PTEN antibody, and anti-GAPDH antibody (Abcam,
Cambridge, MA, USA). After being washed completely,
the membrane was covered by an appropriate amount
of chemiluminescence reagent (Merck Millipore,
Billerica, MA, USA) to carry out the enhanced
chemiluminescence. Relative intensities of the images
were measured by Image J (1.40 g, USA).

2.10. Quantitative polymerase chain reaction (QPCR)

Total RNA was extracted by an RNA purification kit
(EZBioscience, Roseville,CA, USA) from the fibroblasts
which were cultured under different indicated treatments.
The concentration of RNA was determined by NanoDrop
Spectrophotometer (Thermo Fisher Scientific). Then
RNA was converted into cDNA by reverse transcription.
After the qPCR system was prepared using SYBR
Green qPCR master mix (Takara, Tokyo, Japan), the
mixture was thoroughly mixed and pipetted into a 384-
well plate. The expressions of target genes at the mRNA
level were detected by the QuantStudio Flex Real-Time
PCR System (Thermo Fisher Scientific). The valid
cycle threshold values were collected from each group's
data. The expression of GAPDH was considered as

Table 1. Primer sequences

Name

Sequence (5' to 3")

COL1 forward
COL1 reverse
COL3 forward
COL3 reverse
COLS5 forward
COLS5 reverse
MMP1 forward
MMP1 reverse
MMP3 forward
MMP3 reverse
TIMP1 forward
TIMP1 reverse
Elastin forward
Elastin reverse
LOX forward
LOX reverse
LOXLI1 forward
LOXLI reverse
LOXL2 forward
LOXL2 reverse
FBN2 forward
FBN2 reverse

GTGCGATGACGTGATCTGTGA
CGGTGGTTTCTTGGTCGGT
GGTAGTCTCACAGCCTTGCG
GAGGATGGTTGCACGAAACAC
TCCGAAGGGGCCAGAATCA
GAGCAGTTTCCCACGCTTGA
GGGGCTTTGATGTACCCTAGC
TGTCACACGCTTTTGGGGTTT
ATGAACAATGGACAAAGGATACAACAG
CATCTTGAGACAGGCGGAACC
CTTCTGCAATTCCGACCTCGT
ACGCTGGTATAAGGTGGTCTG
CCTCCCTTCTGCTTCCTCTC
CGACTGTTCTTTCGCTGCTG
GGCGAAGGGTGAGGAGTAAG
TGGGAGACCTAAACGTCAGC
TATGTCCAGAGAGCCCACCT
TAGCACCCGCACATCGTAGT
ATGTCACCTGCGAGAATGGG
TGCTCTGGCTTGTACGCTTT
CTCTTCTTCTGGGGGCGACTT
CGCTCCGAAGACGGATATTGG

FBLNS forward TCTGGAAAGGGCAGCAACTT
FBLNS reverse CTTGTCTATCAGCCGATGCG

CASP3 forward CCAAAGATCATACATGGAAGCG
CASP3 reverse CTGAATGTTTCCCTGAGGTTTG
PTEN forward TTTTGAAGACCATAACCCAC

PTEN reverse TATCATTACACCAGTTCGTC

GAPDH forward GGAGCGAGATCCCTCCAAAAT
GAPDH reverse GGCTGTTGTCATACTTCTCATGG
miR-4429 inhibitor CGCCUCUCAGCCCAGCUUUU
inhibitor NC UCUACUCUUUCUAGGAGGUUGUGA

COL, collagen; MMP, matrix metalloproteinase; TIMP, tissue inhibitor
of matrix metalloproteinase; LOX, lysyl oxidase; LOXL, lysyl
oxidase like protein; FBN, fibrilin; FBLN, fibulin; CASP, caspase;
PTEN, phosphatase and tensin homolog; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; NC, negative control.

the internal reference, and the relative gene expression
was calculated by the 27**“" method. All of the primer
sequences in the present study were shown in Table 1.

2.11. Statistical analysis

Student's #-test was conducted to calculate the statistic
difference between two groups when the data obey
normal distribution with equal standard deviations. When
the data did not obey normal distribution, Mann-Whitney
test was applied for the contrast between two groups. The
significant differences between 3 or more groups were
identified by ANOVA, and Tukey test was applied to
determine the significant differences in pairs. Differences
were regarded as statistically significant when p < 0.05.
All the tests were calculated by the GraphPad Prism
software (Version 9).

3. Results

3.1. Quercetin inhibited AGEs-induced fibroblast
apoptosis
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The apoptotic rate in fibroblasts exposed to AGE-BSA
was significantly higher than that in fibroblasts exposed
to BSA. This AGEs-induced fibroblast apoptosis was
inhibited by quercetin with concentrations of 20 uM, 40
uM, 80 uM, and 160 uM for 24 hours (Figures 1A and
1B). Similarly, the gene expression of caspase-3 was
upregulated by AGE-BSA, and this upregulation was
reversed by quercetin with concentrations of 20 uM, 40
puM, and 80 uM for 24 hours (Figure 1C). To evaluate
the inhibitory effects of quercetin with different exposure
duration in AGEs-induced fibroblast apoptosis, the
fibroblasts treated with AGE-BSA were subsequently
treated with 20 uM quercetin for 12, 24, 36, and 48
hours. The AGEs-induced cell apoptosis was inhibited by
quercetin in 12, 24, 36, and 48 hours groups (Figures 1D
and 1E). Therefore, the optimum condition of quercetin
as an antagonist to AGEs in fibroblast apoptosis was 20
uM for 24 hours, which was applied in the following
experiments.

3.2. Quercetin antagonized the inhibiting effect of AGEs
on cell proliferation

To determine the influence of AGEs on cell proliferation,
we assessed the level of EJU in fibroblasts exposed to 50
pg/mL AGE-BSA or BSA (Figure 2A). The proliferation
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rates were calculated and illustrated (Figure 2B). As
shown in Figures 2A and 2B, the proliferation rate was
apparently reduced in the AGE-BSA treated groups
compared with the BSA treated group both in fibroblasts
from POP tissues or fibroblasts from non-POP tissues.
And there was no significant difference between the
fibroblasts from POP and non-POP groups exposed to
BSA only. Notably, the AGEs-inhibited proliferation
rate in fibroblasts of the POP group was reversed by
quercetin (Figures 2C and 2D).

3.3. Quercetin inhibited AGEs-induced intracellular ROS
increase in fibroblasts

To measure the effect of AGEs on the inner cellular
ROS of fibroblasts, we detected the DCF positive cells
using a flow cytometer and fluorescence microscope.
The positive cell rates were increased both in POP and
non-POP groups when treated by AGE-BSA compared
to cell samples treated by BSA (Figures 3A-3C). And
there was no significant difference in positive cell rates
between fibroblasts from the POP and non-POP groups.
Noticeably, AGEs-induced intracellular ROS increase
was inhibited by quercetin, for the positive cell rate
inhibition was alleviated by quercetin in fibroblasts from
the POP group (Figures 3D-3F).
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Figure 1. Quercetin inhibited AGEs-induced fibroblast apoptosis. (A) Flow cytometry analysis of cell apoptosis in fibroblasts treated by BSA,
BSA-AGE, and quercetin with different concentrations. (B) The apoptosis rates of fibroblasts treated by BSA, BSA-AGE, and quercetin with
different concentrations. (C) The mRNA expression of caspase-3 in fibroblasts treated by BSA, BSA-AGE, and quercetin. (D) Flow cytometry
analysis of cell apoptosis in fibroblasts treated by BSA, BSA-AGE, and quercetin with different durations. (E) The apoptosis rates of fibroblasts
treated by BSA, BSA-AGE, and quercetin with different durations. Error bars represent mean+ SD of 3 independent experiments, *p < 0.05, **p <0.01,
*#%p <0.005. AGE: advanced glycation end products; BSA: bovine serum albumin; Q: quercetin; SD: standard deviation.
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Figure 2. Quercetin alleviated the inhibitory effect of AGEs on cell proliferation. (A) The level of EdU in fibroblasts treated with AGE-BSA
or BSA. (B) The cell proliferation rates in fibroblasts treated with AGE-BSA or BSA. (C) The level of EdU in fibroblasts treated with BSA, AGE-
BSA, and quercetin. (D) The cell proliferation rates in fibroblasts treated with BSA, AGE-BSA, and quercetin. Error bars represent mean+ SD of
3 independent experiments, *p < 0.05, ***p < 0.005. Scar bar: 100um. AGE: advanced glycation end products; BSA: bovine serum albumin; POP:
pelvic organ prolapse; EAU: 5-ethynyl-2'-deoxyuridine; SD: standard deviation.
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Figure 3. Quercetin inhibited AGEs-induced intracellular ROS increase in fibroblasts. (A) Flow cytometry analysis of DCF-positive cells in
fibroblasts treated with AGE-BSA or BSA. (B) Percentage of DCF-positive cells in fibroblasts treated with AGE-BSA or BSA. (C) The level of DFC
in fibroblasts treated with AGE-BSA or BSA. (D) Flow cytometry analysis of DCF-positive cells in fibroblasts treated with BSA, AGE-BSA, and
quercetin. (E) The level of DFC in fibroblasts treated with BSA, AGE-BSA, and quercetin. (F) Percentage of DCF-positive cells in fibroblasts treated
with BSA, AGE-BSA, and quercetin. Error bars represent mean+ SD of 3 independent experiments, *p < 0.05, **p < 0.01, ***p < 0.005. Scar bar:
100pum. AGE: advanced glycation end products; BSA: bovine serum albumin; POP: pelvic organ prolapse; FITC-A: fluorescein isothiocyanate-area;
SSC-A: side scatter-area; ROS: reactive oxygen species; DCF: dichlorofluorescein; ns: no significance; SD: standard deviation.

3.4. Quercetin did not improve the contractile impairment
of fibroblasts induced by AGEs

We assessed whether AGEs and quercetin affect the
contractility of fibroblasts by evaluating the cell-induced
gel contraction of type I collagen. Results showed that

cell contractility was impaired in fibroblasts from the
POP group compared with the non-POP group (Figures
4A and 4B). In addition, treatment with AGE-BSA was
found to significantly block the contractile activity of
fibroblasts compared to BSA-treated cells in the non-
POP group (Figures 4A and 4B). In the POP group,
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Figure 4. Quercetin did not improve the contractile impairment of fibroblasts induced by AGEs. (A) Percentage of the initial surface area in
fibroblasts treated with AGE-BSA or BSA for 48 hours. (B) Percentage of the initial surface area in fibroblasts treated with AGE-BSA or BSA for 72
hours. (C) Percentage of the initial surface area in fibroblasts treated with BSA, AGE-BSA, and quercetin for 48 hours. (D) Percentage of the initial
surface area in fibroblasts treated with BSA, AGE-BSA, and quercetin for 72 hours. Error bars represent mean+ SD of 3 independent experiments;
*p <0.05, **p <0.01, ***p < 0.005. AGE: advanced glycation end products; BSA: bovine serum albumin; Q: quercetin; POP: pelvic organ prolapse;

ns: no significance; SD: standard deviation.

although there was a trend that fibroblasts treated by
AGE-BSA exhibited impaired contractility, there was no
statistical difference between fibroblasts treated by AGE-
BSA and BSA. Therefore, fibroblasts from the POP
group were used for assessing the effects of quercetin on
cell contractility. Results showed that the AGEs-induced
cell contractility impairment was not influenced by
quercetin in fibroblasts from the non-POP group (Figures
4C and 4D).

3.5. Quercetin partially reversed AGEs-induced
imbalance of ECM gene expression in fibroblasts

To investigate whether quercetin antagonizes AGEs-
induced disordered ECM production of fibroblasts,
the expression of collagen and elastin-related genes
in fibroblasts exposed to quercetin and AGE-BSA or
BSA were assessed by qPCR. There was no statistical
difference between collagen-related genes in fibroblasts
from the POP and non-POP groups (Figures 5A-5F).
AGE-BSA downregulated the expressions of COL1
(collagen type 1) both in the POP and non-POP groups
(Figure 5A). AGE-BSA downregulated TIMP1 (tissue
inhibitor of matrix metalloproteinase 1) expression and
upregulated MMP1 expression of fibroblasts in the POP
group (Figures 5D and 5F). Quercetin reversed AGEs-
induced upregulation of MMP1, but not influenced the
expressions of AGEs-downregulated COL1 and TIMP1
in fibroblasts from the POP group (Figures 5G-51). For

elastin-related genes, results showed that the expressions
of LOX, LOXL2, FBN2, and FBLNS5 decreased, and the
expression of LOXL1 increased in fibroblasts from the
POP group compared with the non-POP group (Figures
6A-6F). AGE-BSA upregulated the expressions of
elastin and FBLNS in fibroblasts from both the POP and
non-POP groups. Quercetin increased the expressions
of LOX, and FBN2, and decreased the expression of
LOXL1 in fibroblasts from the POP group, suggesting
that quercetin reduced the expression differences of
LOX, FBN2, and LOXL1 between the POP and non-
POP group (Figures 6G-6L). However, the disorders of
elastin and FBLNS5 expression induced by AGEs were
not reversed by quercetin.

3.6. Quercetin inhibited AGEs induced apoptosis of
fibroblasts via miR-4429 /PTEN/PI3K/Akt

Next, we assessed the influences of quercetin on the
expressions of PTEN, PI3K, phosphorylated Akt
(p-Akt), and miR-4429 in AGEs-treated fibroblasts.
Results showed that AGEs suppressed the expressions of
PI3K and p-Akt but increased the expression of PTEN.
Quercetin with a concentration of 20 uM effectively
antagonized the influences of AGEs on the expressions
of PI3K, p-Akt, and PTEN in fibroblasts (Figure 7A).
AGEs also significantly downregulated the expression
of miR-4429, and the decreased expression of miR-4429
was reversed by 20 uM quercetin (Figure 7B).
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Figure 8. Quercetin inhibited AGEs induced apoptosis of fibroblasts via miR-4429 /PTEN/PI3K/Akt. (A) Flow cytometry analysis of cell
apoptosis in fibroblasts transfected with miR-4429 inhibitor or inhibitor-NC, treated with BSA, BSA-AGE, or quercetin. (B) The apoptosis rates
of fibroblasts transfected with miR-4429 inhibitor or inhibitor-NC, treated with BSA, BSA-AGE, or quercetin. (C) The mRNA expression of
caspase-3 in fibroblasts transfected with miR-4429 inhibitor or inhibitor-NC, treated with BSA, BSA-AGE, or quercetin. (D) The protein expression
of PTEN in fibroblasts transfected with miR-4429 inhibitor or inhibitor-NC, treated with BSA, BSA-AGE, or quercetin. (E) The relative protein
expression of PTEN. (F) The protein expression of PI3K, Akt, and P-Akt in fibroblasts transfected with miR-4429 inhibitor or inhibitor-NC, treated
with BSA, BSA-AGE, or quercetin. (G) The relative protein expression of PI3K. (H) The relative protein expression ratio of P-Akt/Akt. Error bars
represent mean+ SD of 3 independent experiments, *p < 0.05, **p < 0.01. AGE: advanced glycation end products; BSA: bovine serum albumin; Q:
quercetin; PTEN: phosphatase and tensin homolog; PI3K: phosphoinositide 3-kinase; Akt: protein kinase B; P-Akt: phosphorylated Akt; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; NC: negative control; SD: standard deviation.

www.ddtjournal.com



Drug Discoveries & Therapeutics. 2023; 17(6):415-427. 424

Furthermore, transfection with miR-4429 inhibitor
downregulated the expression of miR-4429 in fibroblasts
from the POP group, and then the effects of different
cell treatment conditions on fibroblast apoptosis were
detected. As shown in Figures 8A and 8B, AGE-BSA
significantly increased the cell apoptosis rate. Quercetin
effectively reversed the increase of cell apoptosis rate
and caspase-3 expression induced by AGE-BSA (Figures
8A-8C). However, this antagonistic effect on AGEs of
quercetin was weakened by inhibiting the expression
of miR-4429 (Figures 8A and 8B). In addition, AGE-
BSA upregulated the protein expression of PTEN, which
were reversed by quercetin (Figures 8D and 8E). While
downregulating the expression of miR-4429, quercetin
did not inhibit the protein expression of PTEN. Similarly,
quercetin elevated the protein expressions of PI3K and
p-Akt that were downregulated under the exposure
to AGEs in fibroblasts. And the antagonistic effect of
quercetin was diminished by reducing the expression of
miR-4429 (Figures 8F-8H).

4. Discussion

The effect of AGEs on fibroblasts has been reported
mainly in diabetes mellitus and its complications.
AGEs inhibited the proliferation of tendon fibroblasts,
leading to tendon pain and degenerative changes (3/).
AGESs induced inflammation and overexpression of
fibrotic genes, resulting in diabetic fibrosis (32). AGEs
accumulation in skin resulted in collagen structural
damages and fibroblast apoptosis, collagen degradation
in diabetes non-healing wounds (33). However, the
effects of AGEs on the behavior and function of
pelvic floor fibroblasts are rarely studied. This study
comprehensively explored the effects of AGEs on the
behavior and function of pelvic floor fibroblasts and
found that quercetin could antagonize the inhibitory
effects of AGEs on the behavior and function of pelvic
floor fibroblasts in terms of cell proliferation, apoptosis,
oxidative stress, and ECM metabolism.

Firstly, the proliferation rates of fibroblasts were
detected and there was no significant difference in
proliferation ability between the POP and non-POP
groups, which was consistent with a previous report (34).
We found that quercetin antagonized the decrease in the
proliferation rate of fibroblasts induced by AGEs. Studies
on the influences of quercetin on fibroblasts suggest that
quercetin may be applied in the treatment of rheumatoid
arthritis and fibrotic diseases due to its anti-inflammatory
and anti-fibrotic effects (22,35). In addition, quercetin
delayed the senescence of human dermal fibroblasts
induced by UV irradiation (36). However, the effect of
quercetin on pelvic floor fibroblasts is rarely studied.
And in the present study, we hypothesized that quercetin
could antagonize AGEs-induced apoptosis and functional
inhibition of fibroblasts from the prolapsed uterosacral
ligament.

In this study, we found that AGEs increased the ROS
levels in fibroblasts, while quercetin effectively alleviated
this oxidative stress status. Oxidative stress was reported
as a negative factor in the pathogenesis of POP, and
the previous results showed that oxidative stress status
existed in prolapsed tissues (37,38). Increased production
and decreased elimination of intracellular ROS leads
to oxidative stress, an imbalance between intracellular
oxidants and antioxidants (39). The antioxidant effect
of quercetin has been widely reported and quercetin
prevented myocardial fibrosis and diabetic nephropathy
by inhibiting ROS production (/8,40).

The contractility of fibroblasts is crucial for
regulating connective tissue remodeling during normal
and pathological wound healing (47). Meyer et al.
preliminarily demonstrated that myofibroblasts of vaginal
wall tissue derived from POP had impaired contractile
ability by cell-mediated collagen gel contractility assay,
and their contractile ability decreased with age (42).
Ruiz-Zapata et al. reported that the fibroblasts derived
from the POP tissues exhibited delayed contractility
compared with the normal fibroblasts (6). In our study,
the contractility of fibroblasts from the POP group
was inferior to that in the non-POP group, and AGEs
treatment significantly damaged cell contractility in
fibroblasts of the non-POP group. However, quercetin
did not antagonize AGEs-induced contractility decrease
in fibroblasts, suggesting quercetin did not influence the
contractile-related molecules in fibroblasts.

Dysfunctions of fibroblasts lead to dysregulated
metabolism of collagen, elastin, and other ECM-related
genes, resulting in the damaged mechanical strength
of pelvic connective tissues and contributing to the
development of POP (43). The extracellular matrix
proteins have been detected in human tissues such as the
vaginal wall and the uterosacral ligament, and there were
significant differences between the prolapsed and normal
tissues, indicating that ECM alterations are correlated
with POP (44,45). Considering that the formation and
remodeling of ECM are regulated by fibroblasts, the
related gene expressions of fibroblasts were quantified in
this study.

The ECM of pelvic connective tissue is mainly
consisted of the most abundant type I and III collagen
that provide the primary tensile resistance to connective
tissue. In the pathological alterations of POP, collagen
was reported with a decreased content in POP. MMP1,
as a kind of degrading enzyme of collagen was increased
in POP, and reversely, TIMP1 as the inhibitor of MMP
was decreased in POP (46). In this study, the collagen
expression of the POP group was not significantly
different from the non-POP group, which was different
from the previous reports. The reason for the result
may be that the fibroblasts were detached from the in-
vivo environment with high AGEs concentration or the
sample size in the experiment was too small. AGEs
downregulated the expression of COL1 and TIMP1
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but increased the expression of MMP1 in the POP
group. This result coincides with our previous report
(16), suggesting that AGEs decreased the expression
of COLI1 by increasing the degradation of COL1. The
previous studies revealed that quercetin downregulated
the expression of MMP2 and MMP9 to prevent fibrosis
and contributed to wound healing (47,48). Our results
suggested that quercetin antagonized AGEs-induced
upregulation of MMP1 in fibroblasts.

Elastin is another important fibrous structural protein
and constitutes the elastic fiber of ECM, allowing the
pelvic floor connective tissue with high extensibility and
passive retraction. The molecules including LOX, LOXL,
FBLN, and FBNs are correlated with the composition
of elastic fibers and the synthesis of elastin (49). Animal
studies demonstrated that the knockout of LOXLI,
FBLN3, and FBLN5 resulted in rectal or vaginal prolapse
in mice (50). However, few studies have focused on the
influence of AGEs or quercetin on elastin metabolism in
pelvic floor fibroblasts. Our results showed that the gene
expressions of LOX, LOXL2, FBN2, and FBLNS were
reduced in fibroblasts from the POP group compared
with the non-POP group, which was in line with the
previous reports that the FBLN5 knockout mice exhibited
organ prolapse (50). AGEs treatment promoted the
expressions of Elastin and FBLNS in fibroblasts, while
AGE:s did not influence the expression of LOX, LOXLI1,
LOXL2, and FBN2. Quercetin promoted the expressions
of LOX and FBN2, while inhibiting the expression of
LOXL1, which means quercetin reduced the expression
differences of LOX, FBN2, and LOXLI genes between
the POP group and non-POP group. But quercetin had
no significant effect on the expressions of Elastin and
FBLNS in POP fibroblasts induced by AGEs.

Confirming the antagonistic effects of quercetin on
AGEs, we tried to understand the molecular process
of the antagonism of quercetin on AGEs-induced
fibroblast apoptosis. Our previous study indicated that
AGEs induced fibroblast apoptosis by increasing the
expression of PTEN (/7). The expression of PTEN
was post-transcriptionally regulated by miR-4429,
and then the upregulation of PTEN did antagonize the
PI3K/Akt pathway, which consequently increased cell
apoptosis. In the current study, quercetin significantly
antagonized the influences of AGEs on fibroblasts,
including the upregulation of cell apoptosis and PTEN
expression, and the downregulation of miR-4429, PI3K,
and phosphorylated Akt expression. Furthermore,
the antagonistic effects of quercetin on AGEs were
neutralized by inhibiting the expression of miR-4429.

The limitation of our study is the lack of in vivo
experiments to verify the effects and mechanism of
quercetin in the treatment of POP. Humans are strictly
biped, and the direction in which the pelvic organs are
subjected to gravity differs from that of model animals
commonly used in laboratories. Besides, vaginal delivery
in humans causes more serious damage to pelvic floor

structures than in other species. Therefore, we plan to test
and select the most appropriate animal model to explore
whether quercetin improves the functional damage
of AGEs to fibroblasts in vivo, and further verify the
molecular mechanism at the cellular level found in the
present study.

In summary, quercetin antagonized AGE-induced
apoptosis, proliferation inhibition, and ROS increase in
fibroblasts, but not AGEs-induced contractile impairment
in fibroblasts. Quercetin partially improved the
expression disorder of ECM-related genes in fibroblasts
induced by AGEs. Furthermore, quercetin reduced
fibroblasts apoptosis in POP through reversing AGEs-
induced downregulation of miR-4429, upregulation of
PTEN, and downregulation of PI3K/Akt.
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