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ABSTRACT

Objective: Pelvic organ prolapse (POP) is a common condition in postmenopausal women,
with an increasing prevalence due to aging. Some women experience POP recurrence after
surgical treatment, significantly affecting their physical and mental health. The uterosacral
ligament is a critical pelvic support structure. This study aims to investigate the molecular
pathological changes in the uterosacral ligament of postmenopausal women with recurrent
POP using transcriptomic analysis.

Methods: Transcriptomic data of uterosacral ligament tissues were obtained from the
public dataset GSE28660, which includes samples from 4 postmenopausal women with
recurrent POP, 4 with primary POP, and 4 without POP. Differentially expressed genes
(DEGs) were identified between recurrent POP and both primary and non-POP groups.
Further analysis included intersection analysis of DEGs, gene ontology enrichment, protein-
protein interaction (PPI) network construction, gene set enrichment analysis (GSEA),
single-sample GSEA, and xCell immune cell infiltration analysis to explore molecular
pathological changes in recurrent POP. Additionally, histological and molecular differences
in the uterosacral ligament were compared between simulated vaginal delivery (SVD) rat
models with and without ovariectomy.

Results: Compared with primary POP and non-POP groups, recurrent POP exhibited
activation of adipogenesis and inflammation-related pathways, while pathways related to

muscle proliferation and contraction were downregulated in the uterosacral ligament. Nine
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key DEGs (4DIPOQ, FABP4, IL-6, LIPE, LPL, PCKI, PLINI, PPARG, and CD36) were
identified, with most enriched in the peroxisome proliferator-activated receptor (PPAR)
signaling pathway. These genes were significantly correlated with lipid accumulation,
monocyte infiltration, and neutrophil infiltration in the uterosacral ligament. Urodynamic
testing revealed that the bladder leak point pressure was significantly higher in
ovariectomized SVD rats, both of which had higher values than the sham group. Masson
staining showed pronounced adipogenesis in the uterosacral ligament of ovariectomized
SVD rats, along with reduced collagen and muscle fibers compared to the sham and non-
ovariectomized SVD groups. Furthermore, real-time RT-PCR confirmed significantly
elevated expression of key DEGs, including 4ADIPOQ, IL-6, PCKI, and PLINI, in the
uterosacral ligaments of ovariectomized SVD rats.

Conclusion: Adipogenesis and inflammation in the uterosacral ligament may contribute to
its reduced supportive function, potentially leading to recurrence POP in postmenopausal
women.

KEY WORDS recurrent pelvic organ prolapse; uterosacral ligament; adipogenesis; inflammation;
transcriptomics
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Pelvic organ prolapse (POP) is defined by a vaginal compartments, involving a diversity of urinary,

descending or drooping of any pelvic apparatus and/or rectum, or bowel, gynecological, and sexual
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manifestationst”!

. It is a prevalent condition affecting
millions of women worldwide. Surgery is one of the
main treatments for POP, and the lifetime risk of surgery
for POP in the female population is 13% to 19%".
However, recurrent POP is not uncommon, which means
the previous surgery failed, regardless of whether it was
subjective and/or objective™. Also, the medical cost for
a POP surgery is considerable in many countries, as
such, recurrent POP further increases the economic
burden, especially in the era of global aging!".
Nevertheless, the etiology of recurrent POP is
complex and largely unknown, which is probably
attributed to 2 primary categories: Patient-related factors
and procedure-related factors”. Assuming the medical
treatment procedure is relatively standardized, patient-
related factors seem to account for a higher risk for POP

Bl As is known, the deficiency of the

recurrence
supportive and/or connective tissue is considered as
contributing to the development of POP!. For example,
the prolapse of the anterior vaginal compartment, likely
the most common form of recurrent POP, is considered
strongly related to apical support defects'®. And the apex
support reconstruction significantly reduces the risk for
POP recurrence”. The apical support system is
composed mainly of the cardinal and uterosacral
ligaments™™. Noticeably, the uterosacral ligaments are
usually employed as a supportive anchors in POP
reconstructive surgery, and surgery without uterosacral
ligament suspension might be linked to the surgical
failures or recurrence of various compartments
prolapses”'”.  Studies"'"” at the molecular level
suggested significant alterations related to connective
tissue collagen formation and inflammatory cell
infiltration in the uterosacral ligament of POP compared
to healthy controls. However, the molecular changes of
the uterosacral ligaments in recurrent POP patients
remain poorly explored.

With a tremendous upsurge of transcriptomic
technology in the past few years, including the advanced
sequencing and microarray detecting technique, it is
feasible now to examine the pathogenesis of diseases at
a more subtle perspective and high-throughput level. In
this study, we aim to analyze the molecular changes in
uterosacral ligaments from women with recurrent POP
compared to those from non-POP and primary-POP

women using publicly available datasets. Additionally,

we aim to validate the effect of estrogen deficiency on
the structural changes in the uterosacral ligament using
simulated

non-ovariectomized and ovariectomized

vaginal delivery (SVD) rat models.

1 Materials and methods

1.1 Data mining and preprocessing
We performed a data search with the keywords

LR I3

“recurrent pelvic organ prolapse” “recurrent prolapse”
or “recurrent POP” in the Gene Expression Omnibus
database repository (GEO). We only found one suitable
microarray dataset, GSE28660, which profiled the gene
expression of uterosacral ligaments from 4
postmenopausal women with recurrent-POP, 4 with
primary-POP, and 4 without POP. Patient’s information
is summarized in Supplementary Table 1 (https://doi.org/10.
57760/sciencedb.xbyxb.00021).

The GSE28660 microarray dataset was based on
the platform GPL2895 (GE Healthcare/Amersham
CodeLink Human Whole

Bioarray). All data preprocessing was performed in

Biosciences Genome
Rstudio software by using the R language. Firstly, the
gene expression matrix and annotation file of GSE28660
was downloaded by R package “GEOquery”. Then, the
expression matrix was normalized by quantile and log,
function. Moreover, the probes were matched to gene
symbols according to the annotation file. Principal
component analysis (PCA) was performed to examine
distribution of samples and determine the contrast

matrices.

1.2 Identification of differentially expressed
genes

After data preprocessing, differentially expressed
genes (DEGs) in each contrast matrix were calculated
by R package “LIMMA”™! and screened by a threshold
set at a P<0.01 and a |log, fold change (FC)|>1. Volcano
plots and heatmaps were drawn to visualize the
distribution of DEGs. Furthermore, shared DEGs were

intersected between different contrast matrixes.

1.3 Functional annotations of DEGs
Gene Ontology (GO) analysis generally includes 3
(BPs),

components (CCs), and molecular functions (MFs)!

categories: Biological processes cellular

14]
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The Kyoto Encyclopedia of Genes and Genomes
(KEGQ) database provides manually collected pathways
mapped by various entities, such as genes, proteins, and
chemical compounds!”. Herein, we searched for
functional remarks within the GO and KEGG pathways
at the website Enrichr, an efficient online tool
integrating multiple databases for gene functional
annotation. Enriched results with a P<0.05 were
considered statistically significant. The software
Cytoscape was employed to visualize the relationship

between enriched pathways and corresponding genes.

1.4 Construction of protein-protein interaction
networks

The shared DEGs were uploaded to the Search Tool
for the Retrieval of Interacting Genes (STRING)
database to predict plausible protein-protein interaction
networks, which might provide insights into the
pathogenesis of diseases at the protein level. A threshold
of interaction score >0.4 was selected. Then, the protein-
protein interaction (PPI) network was imported to the
software Cytoscape for visualization. Additionally, the
plugin MCODE was used to filter hub genes in the PPI

network.

1.5 Gene set enrichment analysis and single
sample gene set enrichment analyses

Gene Set Enrichment Analysis (GSEA) is a popular
algorithm that evaluates whether well-defined pathways
show statistically significant differences between 2
biological groups without the requirement of a threshold
screening of DEGs"®. Therefore, we adopted the R
package “Clusterprofiler” to perform GSEA analysis
between each contrast matrix, and the “c2.cp.kegg.v7.2.
symbols. gmt” file was downloaded from GSEA
websites as a background gene set. The results with a P<
0.05 and a ¢<0.05 were considered significantly
different.

The single-sample gene set enrichment (ssGSEA)
method, an extensive application of GSEA, makes
enrichment score

calculating the of pre-defined

pathways or gene sets in each sample possible!'®.
Herein, the ssGSEA was carryout by R package
“GSVA” with referring the same gene set “c2.cp.kegg.
v7.2.symbols.gmt”""”. Then, the ssGSEA scores for each

pathway were compared between the control (i. e.

without POP) and the experiment samples using the R
package “LIMMA?”, and a criterion for a P<0.01 was set
to select differentially enriched pathways. The
correlation of pathways was analyzed by the Spearman
method, and a P<0.05 was considered statistically

significant.

1.6 Microenvironment analysis for uterosacral
ligaments

The cellular composition of the microenvironment
reflects the milieu of tissues, which opens a more
nuanced perspective for us to understand the biological
changes in the tissues. The xCell method allows
applying expression profiles to calculate the enrichment
score of multiple cell types, including immune and non-
immune cells, by combining the virtues of gene set
enrichment and deconvolution algorithms!*. Hence, we
employed the xCell method in R software for dissecting
the enrichment of specific cell types in control and POP
uterosacral ligaments. “Kruskal. test” in R package
“ggpubr” was applied for comparing the 3 groups’
enrichment score, and a P<0.05 was considered as
significant. Furthermore, the Spearman analysis was
used to evaluate the correlation between differentially

enriched cell types and hub genes.

1.7 Establishment of simulated vaginal delivery
rat models

Since childbirth is one of the most important
triggers of pelvic floor dysfunction disorders, such as
POP and stress urinary incontinence (SUI), we used the
classical vaginal balloon dilatation method to establish
the simulated vaginal delivery (SVD) rat model. The
usage and operation of all rats were certified by the
Ethics Committee of the Department of Laboratory
Animals of Central South University (Ethics No: CSU-
2023-0296).

Female specific pathogen free (SPF) Sprague-
Dawley rats aged 8 weeks and weighing 280 — 330 g
were randomly assigned to 3 groups: A sham group, a
non-ovariectomized SVD group, and an ovariectomized
SVD group. All rats were housed in a controlled
environment with a temperature of (2242) °C, humidity
of (50+10)%, and a 12 h light/dark cycle. The rats were
provided with ad libitum access to standard rodent chow

and water, and were allowed a one-week acclimatization
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period before the start of the experiment to ensure their
health and well-being. During this period, their weights
were monitored daily to ensure stability. All rats were
operated under urethane anesthesia. In the non-
ovariectomized SVD group, a balloon catheter was
inserted into the rat vagina and secured, and the balloon
was perfused with 5 mL of sterile saline to create
vertical traction (weighing approximately 0.3 kg),
lasting for 8 h. For the ovariectomized SVD group, after
completion of the initial SVD modeling, an incision was
made on each side of their back, the ovaries were
located by layer wise dissection and excised, and then
the incision was finally sutured. For rats in the sham
group, catheter was inserted into the vagina without
balloon saline insufflation.

Because the direction of gravity is differs between
rats and humans, vaginal stretching does not result in
significant organ prolapse. However, it may induce
urodynamic changes resembling SUI and muscle and
ligament changes similar to POP!"”.. Hence, on day 21
after modeling, maximum bladder capacity (MBC),
bladder leak-point pressure (BLPP), and abdominal leak
point pressure (ALPP) were measured by ALC-CMG
intravesical pressure monitor (Alcott Biotech Company,
Shanghai, China) following the methodology described
in our previous study™. And blood was collected for
measurement of estrogen levels according to the ELISA
kit instructions (E-OSEL-R0001, Elabscience, China).
Finally, all rats were euthanized and dissected to obtain
fixation in 4%

uterosacral  ligaments  for

paraformaldehyde for subsequent testing.

1.8 Masson staining

Masson staining of the uterosacral ligaments of rats
after modeling was performed with reference to
previous methods”'!. After routine xylene dewaxing and
hydration with different gradients of ethanol, paraffin
sections were stained with Weigert’s iron hematoxylin
solution for 8 min. After acidic ethanol differentiation
for 15 s, sections were re-blued by Masson’s blue
staining for 5 min and then washed with distilled water.
After Masson ponceau magenta staining for 5 min,
sections were washed using a weak acid solution and
then treated with 1% phosphomolybdic acid solution for

3 min. Finally, after routine steps of ethanol dehydration

and xylene transparency, the slices were sealed using
resin and observed under a microscope (Nikon DS-U3

color digital camera, Japan).

1.9 Real-time RT-PCR

Total RNA was extracted from the uterosacral
ligaments with reference to the instructions of the RNA-
easy Isolation Reagent kit (#R701-01, Vazyme, Nanjing,
China), and reverse transcribed into cDNA using
Hiscript II Q RT SuperMix for real-time PCR (#R223-
01, Vazyme, Nanjing, China). Real-time RT-PCR was
then performed using ChamQ Universal SYBR qPCR
Master Mix (#Q711-02, Vazyme, Nanjing, China), and
B -actin (No. B661202, Sangon Biotech, Shanghai,
China) was selected as internal reference. All primers
were synthesized by Sangon Biotech (Shanghai, China),
and the specific sequences were as follows: ADIPOQ,
forward 5-CGCAGGTGTTCTTGGTCCTAAGG-3', reverse
5'-GCCCTACGCTGAATGCTGAGTG-3'; IL-6, forward
5'-ACTTCCAGCCAGTTGCCTTCTTG-3', reverse 5'-
TGGTCTGTTGTGGGTGGTATCCTC-3"; PCK1, forward
5'-GGGTGTTTACTGGGAAGGCATCG-3', reverse 5'-
ACGGTTCCTCATCCTGTGGTCTC-3"; PLINI, forward
5-GACAGACACAGAGGGAGAGGAGAC-3', reverse
5'-CCACCCAGGAAGCCGAGAGG-3'. The reaction
procedure consists of 3 main steps: 1) Pre-denaturation
(95 °C for 30 s); 2) cycling reaction (95 °C for 5 s to
denature, then 60 °C for 30 s to complete 40 cycles); 3)
solubility profile analysis (95 °C for 15 s, then lowered
to 60 °C and held for 60 s, and finally raised to 95 °C
again and held for 15 s).

2 Results

2.1 Data preprocessing and PCA analysis

After normalization, the boxplot showed the
distribution of data for each sample was comparable
within the same range (Figure 1A). The PCA analysis
indicated that both non-POP and primary POP
uterosacral ligaments were obviously distinct from those
recurrent POP samples (Figure 1B and 1C), while the
difference between non-POP and primary POP
uterosacral ligaments was not significant (Figure 1B and
1C). Hence, to focus on the molecular change in the
recurrent POP uterosacral ligaments, we chose principal

components to construct 2 contrast matrices: 1)

©Journal of Central South University (Medical Science). All rights reserved.
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Recurrent POP vs primary POP uterosacral ligaments; 2)
recurrent POP vs non-POP uterosacral ligaments. Next,
the DEGs in these 2 comparative matrices were obtained

separately.

2.2 ldentification of DEGs

With the threshold of |log,FC|>1 and P<0.01, the
volcano plots showed that there were 539 DEGs (325
upregulated and 214 downregulated genes) identified

between recurrent POP and primary POP uterosacral

recurrent POP and non-POP uterosacral ligaments
(Figure 2B). The heatmaps also revealed that the DEGs
could distinguish uterosacral ligaments of control or
primary POP women from those of recurrent POP
women (Figure 2C and 2D). Furthermore, we found that
179 shared DEGs were intersected between recurrent
POP vs primary POP uterosacral ligaments and recurrent
POP vs non-POP uterosacral ligaments (Figure 2E).
These 179 shared DEGs presented the same expression

trend in each contrast matrix where 148 DEGs were

ligaments (Figure 2A), along with 361 DEGs (269 upregulated, and 31 DEGs were downregulated
upregulated and 92 downregulated genes) between (Figure 2F).
Groups Groups
¢/ Non-POP [#'Non-POP
Groups Primary POP Primary POP
IIF\)IQH-POI;’ - % Recurrent POP = Recurrent POP
rimary
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Figure 1 Data preprocessing and PCA analysis

A: Boxplots illustrates the gene expression levels after normalization of the GSE28660 dataset. Boxplots represented the mean and
interquartile range. The abscissa axis represents individual samples, and the vertical axis represents gene expression levels. B and C:

Three-dimensional (B) and two-dimensional (C) PCA show that both non-POP and primary POP uterosacral ligaments are distinct

from those recurrent POP samples. POP: Pelvic organ prolapse; PCA: Principal component analysis; PC: Principal component.

2.3 Functional annotations of shared DEGs

The GO analysis of 179 shared DEGs showed that
they were significantly enriched in fat and lipid-
associated biological processes (BPs) such as “long-
chain fatty acid transport” and “regulation of lipid
metabolic process” (Figure 3A), cellular components
(CCs) (Figure 3B),

molecular such

such as “lipid droplet” and
(MFs)
dehydrogenase activity” and “fatty acid ligase activity”
3C). Notably, the

“oxidoreductase activity” relevant MFs and CCs such as

functions as  “steroid

(Figure significantly enriched

“mitochondrial outer membrane” and “mitochondrial
matrix” probably indicated oxidative phosphorylation

were activated in adipose tissues in uterosacral

ligaments of recurrent POP women (Figure 3B and 3C).
Interestingly, the BP terms “negative regulation of
smooth muscle cell and
of
proliferation” were also significantly enriched, mainly
by 3 DEGs: IL-10, ADIPOQ, and PPARG (data not

shown).

vascular proliferation”

“negative  regulation smooth  muscle cell

Furthermore, the KEGG analysis also indicated that
these shared DEGs were significantly enriched in fat
and lipid-associated pathways, including “peroxisome
(PPAR)

ELINNT3

proliferator  activated receptor signaling

pathway” “AMPK signaling pathway” “adipocytokine

CEINT

signaling pathway” “steroid hormone biosynthesis” and

“insulin resistance” (Figure 3D). Furthermore, the
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“ECM-receptor interaction” was also enriched, probably
indicating extracellular matrix alteration in recurrent
POP uterosacral ligaments. The top 10 enriched KEGG

pathways and corresponding enriched DEGs were used

Recurrent POP vs primary POP uterosacral ligaments
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Intersection analysis

Recurrent POP vs Recurrent POP vs E
primary POP non-POP
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)

for constructing a pathway-gene network (Figure 3E), in
which CD36 connected to the majority of pathways
(Figure 3F).

Recurrent POP vs non-POP uterosacral ligaments
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Recurrent POP vs non-POP uterosacral ligaments
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Figure 2 Identification of shared DEGs between recurrent POP and primary POP uterosacral ligaments or recurrent POP

and non-POP uterosacral ligaments

A and B: Volcano plots show the distribution of DEGs in the uterosacral ligaments of recurrent POP vs primary POP (A) and

recurrent POP vs non-POP uterosacral ligaments (B) in GSE28660. C and D: Heatmap plots display hierarchical clustering of DEGs

in the uterosacral ligaments of recurrent POP vs primary POP (C) and recurrent POP vs non-POP uterosacral ligaments (D) in
GSE28660. E: Venn diagram shows the shared DEGs (|]log,FC>1| and P<0.05) between the 2 contrast matrices. F: Pie chart displays
the expression trend distribution for the shared DEGs. DEGs: Differentially expressed genes; POP: Pelvic organ prolapse; FC: Fold

change.

2.4 PPI network construction
a PPI

network containing 78 nodes and 224 edges was

With criteria of interaction score>0.4,

constructed and then visualized in Cytoscape (Figure
4A). Moreover, with the connective degree calculated by
the plugin MOCODE, the top 8 connective nodes
identified were ADIPOQ, FABP4, IL-6, LIPE, LPL,

PCKI, PLINI, and PPARG, forming a core subnetwork
(Figure 4B). Hence, these 8 genes and CD36 (the central
connector of the top 10 significantly enriched pathways)
were identified as hub genes. Interestingly, most of them
were members of the PPAR signaling pathways, such as
ADIPOQ, FABP4, LPL, PCKI, PLINI, and PPARG.

©Journal of Central South University (Medical Science). All rights reserved.
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Figure 3 Functional annotations of shared DEGs between recurrent POP and primary POP uterosacral ligaments or

recurrent POP and non-POP uterosacral ligaments

A-D: Horizontal bars represent the top 10 significantly enriched GO

terms, including biological processes (A), molecular functions

(B), cellular components (C), and KEGG pathways (D) of the shared DEGs. E: A pathway-gene network constructed using

Cytoscape software for the top 10 enriched KEGG pathways and

corresponding enriched shared DEGs. Grey circles indicate

enriched pathways; blue rectangles indicate down-regulated genes, and red rectangles indicate up-regulated genes. F: A pathway-

gene subnetwork centered on CD36 identified using the degree method in Cytoscape software. Node colors gradually transitioned

from yellow to red corresponding to ascending degree score. DEGs: Differentially expressed genes; POP: Pelvic organ prolapse;

GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Geno

2.5 GSEA and ssGSEA analysis

The GSEA results further manifested that adipose-
relevant pathways were activated in the uterosacral
ligaments of recurrent POP women compared to primary
POP or control women (Supplementary Figure 1A and 1B,
https://doi. org/10.57760/sciencedb. xbyxb. 00021). Noticeably,
the “PPAR signaling pathway” was one of the most
significantly motivated pathways with the highest NES

mes database.

score in both contrast matrices. Furthermore, some
inflammatory pathways were also activated, such as
“cytokine-cytokine receptor interaction” was motivated
in both contrast matrices (Supplementary Figure 1A -
1D, https://doi. org/10.57760/sciencedb. xbyxb. 00021);
“Toll-like receptor signaling pathway” and “NOD-like
receptor signaling pathway” were activated in recurrent

POP vs primary POP uterosacral ligaments (Supplementary
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Figure 1A, https://doi.org/10.57760/sciencedb.xbyxb.00021);
“complement and coagulation cascades” were triggered
in recurrent POP vs non-POP uterosacral ligaments
(Supplementary Figure 1B, https://doi.org/10.57760/sciencedb.
xbyxb.00021).

cytoskeleton” and “arrhythmogenic right ventricular

Nevertheless, “regulation of actin
cardiomyopathy” pathways were inhibited in both
contrast matrices (Supplementary Figure 1 A-1D, https://doi.
org/10.57760/sciencedb.xbyxb.00021), and we supposed
it might, to some extent, reflect a deficiency of muscle
quantity or contraction in uterosacral ligaments from

recurrent POP women.

The results for ssGSEA also indicated that
differentially enriched pathways, including adipose-
relevant pathways, could distinguish recurrent POP uterosacral
ligaments apart from recurrent POP (Supplementary
Figure 1E, https://doi.org/10.57760/sciencedb. xbyxb.00021)
and non-POP uterosacral ligaments (Supplementary
Figure 1F, https://doi. org/10.57760/sciencedb. xbyxb. 00021).
“PPAR

significantly positively correlated with several adipose-

Moreover, the singling pathway” was
relevant pathways, such as “adipocytokine signaling
pathway” and “fatty acid metabolism” in theses
uterosacral ligaments (Supplementary Figure IG,
https://doi.org/10.57760/sciencedb.xbyxb.00021).

PCK1 ADIPOQ

LPL

Low score  High score

Figure 4 PPI network construction and identification of hub nodes

A: PPI network is constructed by shared DEGs between recurrent POP and primary POP uterosacral ligaments or recurrent POP and
non-POP uterosacral ligaments. The red nodes represents upregulated genes, and the blue nodes represents downregulated genes. B:
Eight core DEGs are identified from the PPI network using the MCODE plugin in Cytoscape software. The nodes color changes
gradually from yellow to red in ascending order depending on the MCODE score. PPI: Protein-protein interaction; DEGs:

Differentially expressed genes; POP: Pelvic organ prolapse.

2.6 Uterosacral ligaments microenvironment
analysis

To investigate the cell composition of the
microenvironment in  uterosacral ligaments, we
employed the xCell method to calculate the enrichment
score of certain cell types in each sample. The results
indicated that the enrichment score of adipocytes,
monocytes, and neutrophils was significantly higher in

recurrent POP uterosacral ligaments compared to non-POP

and primary-POP uterosacral ligaments (Supplementary
Figure 2A, https://doi.org/10.57760/sciencedb.xbyxb.00021).
And the enrichment of adipocytes in recurrent POP
uterosacral ligaments reached the highest score among
all analyzed cell types, showing a significantly positive-
correlation with the enrichment of monocytes and
neutrophils (Supplementary Figure 2B, https://doi.org/10.
57760/sciencedb. xbyxb. 00021). These might indicate

increment of adipocytes attracted by the infiltration of

©Journal of Central South University (Medical Science). All rights reserved.
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inflammatory cells into POP uterosacral ligaments.
Additionally,

appeared to be more abundant in non-POP and primary-

fibroblasts and smooth muscle cells

POP uterosacral ligaments than in recurrent POP uterosacral
ligaments, nonetheless with a P>0.05 (Supplementary
Figure 2A, https://doi.org/10.57760/sciencedb.xbyxb.00021).
The correlation analysis revealed that most hub
genes showed positive associations with the enrichment
of adipocyte cells in uterosacral ligaments (except ADIPOQ,
P>0.05), and the enrichment of neutrophils (except /L-6,
P>0.05). Notably, all 9 hub genes were significantly and
positively-correlated mainly with the enrichment of
monocytes in uterosacral ligaments (Supplementary
Figure 2C, https://doi.org/10.57760/sciencedb.xbyxb.00021).
Given that most of the 9 hub genes were enriched in the
PPAR signaling pathway, we further analyzed the
relationship of the PPAR signaling pathway and the cell
composition of the microenvironment in uterosacral
ligaments. The results also revealed the PPAR signaling
pathway positively associated with the enrichment of
adipocytes, preadipocytes, monocytes, and neutrophils,
while negatively associated with smooth muscles and
fibroblasts (Supplementary Figure 2D, https://doi.org/10.
57760/sciencedb.xbyxb.00021).
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2.7 Significant adipose accumulation in the
uterosacral ligaments of an ovariectomized SVD
rat model

On day 21 after modeling, the estrogen levels of
rats in the ovariectomized SVD group were significantly
lower than those in the sham and non-ovariectomized
SVD groups (Figure 5A). Meanwhile, the urodynamic
results showed that BLPP values were higher in the
ovariectomized SVD group than in the non-
ovariectomized SVD group, whose values were higher
than those of the sham group, whereas MBC and ALPP
were not significantly changed in the 3 groups (Figure
5B). In addition, the results of Masson staining showed
that there was significant adipose accumulation and
reduction of muscle fibers and collagen fibers in the
uterosacral ligaments of rats in the ovariectomized SVD
group compared with rats in the sham and non-
ovariectomized SVD groups (Figure 5C). Real-time RT-
PCR results also verified that the hub genes, ADIPOQ,
IL-6, PCKI, and PLINI were all significantly highly
expressed in the uterosacral ligament of ovariectomized

SVD rats (Figure 5D).

50 50 sk
ns %
L e o L kK
QH[et o o Yres
o) s o) g 1
é 30 E 30 -
= 20f = 20F ;o
— —
< 10f 210
L+ v 0 L
& O O L
N 6%4 6%4 Ao 5%4 6%4
6'\{1/2‘ 6'\(1/@ &'\(15‘ &(be‘ B
O ° 0\0‘ ©
‘(@ \\6 {\6 {\6
/04’0 04‘0 ,Q@ @
< <&
= Sham

= Non-ovariectomized SVD
= QOvariectomized SVD

ok sk

Relative mRNA
level to B-actin

0
gl ADIPOQ IL6 PCK1 PLINT p

Figure 5 Significant adipose accumulation in the uterosacral ligaments of the ovariectomized SVD rat model

A: Detection of blood estrogen levels in each group of rats were measured by ELISA. B: Urodynamics showed the MBC, BLPP,

ALPP values in each group of rats. C: Histological changes in the uterosacral ligaments of rats in each group were detected by the

Masson staining. D: Expression of hub genes in the uterosacral ligaments of rats in each group was examined by real-time RT-PCR.
*P<0.05, **P<0.01, ***P<0.001; ns: Not significant. E,: Estradiol; MBC: Maximum bladder capacity; BLPP: Bladder leak-point
pressure; ALPP: Abdominal leak point pressure; SVD: Simulated vaginal delivery.
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3 Discussion

Uterosacral ligaments are assumed as visceral
ligaments with mesentery-like components, such as
vessels, nerves, fibers, muscle tissues, and adipose
tissues, and uterosacral ligament suspension has become
a common procedure in the surgical treatment of POP!'".
By applying a novel histologic quantification system,
Orlicky, et al®? classified POP uterosacral ligaments
into 3 histologic phenotypes: 1) Uterosacral ligaments
with elevated adipose accumulation (POP-A); 2)
uterosacral ligaments with enhanced inflammation
(POP-I); and 3) uterosacral ligaments with aberrant
vasculature (POP-V). Interestingly, they found that both
POP-A and POP-I phenotypes exhibited significantly
higher adipose tissue deposition, combinecl with smooth
muscle fiber loss in uterosacral ligaments. Moreover,
adipose content showed a significantly positive
correlation with parity (number of vaginal deliveries, P<
0.05), while no significant association was abserved
with body mass index of patients (P>0.05).

Consistently, our bioinformatic analysis indicated
that the enrichment of adipocytes of uterosacral
ligaments in recurrent POP was even higher than that in
primary POP, while the enrichment of fibroblasts and
smooth muscle cells seem to be even lower. Besides, our
in vivo experiments showed that ovariectomized SVD
rats developed significant urodynamic changes similar
to stress urinary incontinence, as well as obvious
adipose accumulation in the uterosacral ligament.
Hence, we could hypothesize that metabolic changes
due to declining estrogen and mechanical damage from
repeated deliveries lead to hypertrophy of the

uterosacral ligaments™>*,

Furthermore, the adipose
accumulation would potentially induce an inflammatory
circumstance by a variety of intrinsic signals, such as
adipokines secretion, adipocyte death, hypoxia, and

[25]

mechanical stress'™. In return, a local dysregulated

proinflammatory  state =~ would  aggravate  the

accumulation of fat in surrounding adipose tissues.
Although macrophages did not differ among
recurrent POP, primary POP, and non-POP uterosacral
ligaments in our results, both monocytes and neutrophils
were significantly enriched in recurrent POP uterosacral
ligaments when compared to non-POP or primary-POP

uterosacral ligaments. Neutrophils were reported to be

the initial immune cells to infiltrate adipose tissues, and
their activation would release inflammatory factors to
recruit macrophages and other immune cells®”. As a
well-known  pro-inflammatory  adipokine, leptin
(encoded by LEP) induced endothelial cell activation
thereby recruiting monocytes from circulating blood to

281 Moreover, we found that classic

adipose tissues
inflammatory cytokine, IL-6, was elevated in the
uterosacral ligament of recurrent POP and was
positively associated with the enrichment of adipocytes
and monocytes. In addition to immune cells, adipocytes
can also secrete IL-6, which promoted adipose tissue-
associated =~ macrophage  infiltration and  pro-
inflammatory responses, acting in contrast to the role of
muscle-secreted IL-6 in a certain physiological
context™™,

We found that the PPAR signaling pathway, which
plays a modulating role in both lipid and glucose
homeostasis, was significantly activated in the recurrent
POP uterosacral ligaments. The PPARs are essential
transcript factors located in the cell nucleus and
important for lipid metabolism, including the isoforms
PPAR-a, PPAR-P/3, and PPAR-y"". Notably, PPAR-y is
reported to be predominantly expressed in adipose tissue
and serves as a master regulator of adipogenesis and
adipocyte differentiation”". The expression of PPAR-y was
elevated in adipose tissues in obesity, and the adipose-
specific deletion of PPAR-y resulted in the failure of

B2 Qur results

adipose tissue development in mice
showed that PPAR-y and its downstream target genes (also
in the hub DEGs), such as PCKI, ADIPOQ, PLINI,
FABP4, CD36, were increased in recurrent POP
uterosacral ligaments. The ADIPOQ gene is highly and
specifically expressed in adipose tissues, and encodes
the peptide hormone adiponectin, which could promote
3T3-L1 fibroblasts to differentiate more rapidly into
adipocytes and exhibit a more persistent and more
robust gene expression for PPAR-y™).

The class B scavenger receptor and fatty acid
transporter, CD36, has been defined as a marker for
adipocyte progenitor cells for its facilitation in lipid
uptake and accumulation in adipose tissue-derived stem
cells with a strong predisposition for adipocyte
differentiation®™. Other study™ has reported that
FABP4 and PPAR-y activate each other to form a feedback

loop that critically controls the second phase of
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adipogenesis. Overexpression of PCK1 in mice could
induce adipocyte enlargement and thus fat accumulation
by increasing glycerogenesis, fatty acid esterification,
and triglyceride synthesis®®. The gene PLINI encodes
Perilipin 1, an enzyme with capabilities for
encapsulating lipid droplets inside adipocytes to protect
them from enzymatic degradation””. Lipid droplet
growth and differentiation were inhibited in adipose
stromal-vascular cells from PLIN1 null (-/-) mice,
which would be rescued by PLIN1 overexpression or
enhanced PPAR-y stimulation®™. Therefore, the activation
of the PPAR signaling pathway would contribute to an
increased adipose and inflammatory state in uterosacral
ligaments from women suffering recurrent POP.

Despite the above considerations, there are some
limitations to our analysis. Firstly, the sample size for
control or POP tissues was small due to the availability
of information, thus expanding the sample size would
make the current results stronger. Secondly, because the
clinical information provided in the GSE28660 was
limited, some bias factors could not be excluded, such as
the body mass index of patients. Thirdly, because the
incidence of recurrent POP and surgical indications vary
in different medical regions, samples of the uterosacral
ligament from patients with recurrent POP are not easy
to be collected locally, and therefore we only performed
bioinformatics analysis at the transcriptome level and
animal experiments for validation. In the future, it may
be necessary to include more relevant clinical samples
for Western blotting and immunohistochemistry assays
to further confirm our conclusions.

In conclusion, our analysis approach provides a
transcriptomic perspective to explain molecular changes
in recurrent POP uterosacral ligaments when compared
to primary POP or non-POP uterosacral ligaments. Both,
activated adipose- and inflammation-relevant pathways
and genes are upregulated in recurrent POP uterosacral
ligaments, which might indicate increased adipose
accumulation, further accompanying inflammation in
uterosacral ligaments, and thus contributing to the
development of recurrent POP in postmenopausal

women.
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