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Fatty Acid Binding Protein 4 Overexpression Contributes to
Endometriosis via Mitochondria Dysfunction
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Abstract

Background: Endometriosis is a complex, multifactorial disease characterized by the growth of endometrial-derived cells outside the
uterus. Abnormal proliferation of ectopic lesions and chronic inflammation contribute to the onset and progression of the condition.
This study aimed to identify dysregulated genes involved in the pathogenesis of endometriosis. Methods: We performed differential
expression analysis and Weighted Gene Co-expression Network Analysis (WGCNA) using gene expression datasets (GSE11691 and
GSE23339) from the Gene Expression Omnibus (GEO). We then analyzed significant differentially expressed genes (DEGs) using Gene
Set Enrichment Analysis (GSEA) to predict their functional roles. The expression of key DEGs was validated by immunohistochem-
istry (IHC) in ectopic and eutopic endometrial tissues from 14 patients with endometriosis. Primary endometrial cells were isolated from
normal endometrial tissue. A candidate gene was overexpressed in these cells, and its effect on cellular metabolism was assessed by mea-
surement of the oxygen consumption rate (OCR). Results: Our data identified 48 key dysregulated genes associated with endometriosis.
These genes showed functional enrichment in processes such as complement activation and cell adhesion, both of which are implicated
in disease pathogenesis. Notably, fatty acid binding protein 4 (FABP4), linked to mitochondrial dysfunction in endometrial stromal cells
(ESCs), was one of the most significantly upregulated genes in ectopic endometrium. Overexpression of FABP4 enhanced cell growth
and increased the OCR in primary endometrial cells. Conclusions: This study elucidates the functional role of FABP4 dysregulation in
endometriosis and identifies it as a potential therapeutic target.
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1. Introduction cellular processes, such as fatty acids uptake, intracellu-
lar transport, and gene expression regulation [5,6]. Tian et
al. [7] reported that FABP4 was undetectable in the mouse
uterus from days 1 to 4 of pregnancy, appeared in the pri-
mary decidual zone on days 5 and 6, and was significantly
upregulated on days 7 and 8. They further identified FABP4
as crucial for decidualization in mice. In humans, FABP4
mRNA levels were higher in the endometrium on day 7 af-
ter the luteinizing hormone (LH+7) surge than in the early
secretory phase (LH+2) [8]. Furthermore, estrogen alone
and in combination with progesterone upregulates FABP4
expression inmice [7]. Zhu et al. [8] reported that FABP4 is

Endometriosis is a multifaceted gynecological disor-
der characterized by the presence of endometrial-like tis-
sue outside the uterine cavity. It affects approximately 10—
15% of women of reproductive age and 20-50% of women
who experience infertility [1]. A study has reported associa-
tions between endometriosis, infertility, and ovarian cancer
[2]. Common symptoms include dysmenorrhea, dyspareu-
nia, chronic pelvic pain, and irregular uterine bleeding. Al-
though surgical intervention remains the primary treatment
for removal of ectopic lesions, approximately 40% of pa-
tients experience recurrence [3]. Abnormal growth of en-

dometrial tissue and chronic inflammation contribute to the
onset and progression of endometriosis; however, the pre-
cise mechanisms remain poorly understood [4].

Fatty acid-binding protein 4 (FABP4) is a member
of the FABP family, a group of highly conserved cytoso-
lic proteins that bind various hydrophobic ligands, includ-
ing long-chain fatty acids, eicosanoids, leukotrienes, and
prostaglandins. FABP4 plays a critical role in numerous

consistently expressed in endometrial epithelial cells during
both the proliferative and secretory phases, whereas stromal
cells express FABP4 only during the secretory phase. They
also confirmed that FABP4 is a key regulator of prolifera-
tion, migration, and invasion in endometrial epithelial cells,
and that its downregulation reduces endometrial receptiv-
ity [8,9]. However, the role of FABP4 in endometriosis re-
mains unclear.
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Mitochondria are considered the “powerhouses of the
cell” due to their efficient ATP-generating capacity. Recent
studies indicated that altered mitochondrial function may
contribute to the development of endometriosis [10,11]. For
instance, melatonin has been shown to inhibit the develop-
ment of endometriosis by disrupting mitochondrial func-
tion and reducing oxidative stress [12—14]. Chen et al.
[10] examined the morphology and oxygen consumption
rates (OCR) of isolated primary endometrial stromal cells
(ESCs). They observed that ectopic ESCs exhibited elon-
gated mitochondria and a 95% increase in basal OCR com-
pared with eutopic ESCs and a 51% increase compared with
controls [10]. They also found that genes that control mito-
chondrial fission and fusion were dysregulated in ectopic
ESCs, which contributed to alterations in mitochondrial
morphology [15]. Nevertheless, the mechanisms underly-
ing mitochondrial dysfunction in endometriosis remain un-
clear.

In this study, we analyzed two gene expression pro-
filing datasets (GSE11691 and GSE23339) from the Gene
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov
/geo) with Weighted Gene Co-expression Network Analy-
sis (WGCNA). We identified 48 genes that were dysregu-
lated in patients with endometriosis. We analyzed the po-
tential function of FABP4 with Gene Set Enrichment Anal-
ysis (GSEA) and examined it in ESCs.

2. Materials and Methods
2.1 Study Design

This study was conducted at The Fourth Hospital of
Shijiazhuang. Two microarray datasets were analyzed to
identify differentially expressed genes (DEGs) in endome-
trial tissue from patients with endometriosis. We included
14 patients with a surgically and histologically confirmed
diagnosis of endometriosis who underwent laparoscopic ex-
cision during the study period for further validation. Ec-
topic endometrial samples were collected for mRNA and
protein analysis. Eutopic endometrial tissue from the same
patient served as the control. Additionally, endometrial
samples from 5 healthy participants were obtained to assess
target gene expression in normal endometrium. All clini-
cal data were retrieved from the patients’ electronic medi-
cal records. Primary ESCs were isolated to investigate the
biological function of the candidate gene.

2.2 Data Collection, Processing, and Identification of
DEGs

Gene expression datasets were retrieved from the
GEO portal and filtered based on data characteristics,
experimental design, and sample size. Two microarray
datasets (GSE11691 and GSE23339) were selected for
DEGs analysis. Transcriptome analysis was performed
using R (version 4.4.1) in RStudio (Desktop version,
2024.04.2+764; Boston, MA, USA). Background adjust-
ment was performed using the gcRMA software package

[16]. Data quality was assessed with the array Quality-
Metrics software package (v3.65.0, Bioconductor Project,
Boston, MA, USA) [17], and samples of poor quality were
excluded from subsequent analyses. Multiple probes cor-
responding to the same gene were consolidated into a sin-
gle value by summarizing the median expression levels.
DEGs were identified using the limma software package
(version 3.52.4, Walter and Eliza Hall Institute of Medi-
cal Research, Royal Parade, PV, Australia), with thresholds
set at an adjusted p-value < 0.05 and |LogsoFoldChange|
(|[Log2FC|) >1. Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrichment analyses
were subsequently performed for the identified key genes.

2.3 WGCNA Analysis

WGCNA was applied to the GSEI11691 and
GSE23339 datasets to identify critical module genes.
Pearson correlation coefficients were calculated to assess
gene to gene relationships. A scale-free network was
constructed, and an appropriate soft threshold was selected
for network formation. The adjacency matrix was then
transformed into a topological overlap matrix, and hier-
archical clustering was used to generate a clustering tree.
Dynamic tree cutting defined the co-expression modules.
Modules with a correlation coefficient >0.5 with specific
traits were considered critical. Finally, a Venn diagram
identified the intersecting genes between the DEGs and the
critical module genes.

2.4 Enrichment Analysis

Intersection genes underwent GO enrichment analy-
sis, covering cellular components (CCs), molecular func-
tions (MFs), and biological pathways (BPs), as well as
KEGG pathway analysis. The clusterProfiler R package
(v4.12.6) was used for statistical analysis.

To identify biological pathways, MFs, and CCs sig-
nificantly associated with genes whose expression corre-
lated with FABP4, GSEA was performed. First, expres-
sion profiles for FABP4 and all other genes were extracted
across samples. Spearman correlation coefficients between
FABP4 and each gene were then computed. Genes were
ranked based on their correlation coefficients, from the
highest positive to the lowest negative correlation, and the
ranked gene list was subsequently subjected to GSEA.

2.5 Collection of Endometriotic Tissues

Endometriotic tissues were collected from 14
Chinese-Han women diagnosed with endometriosis at The
Fourth Hospital of Shijiazhuang (mean age: 30.2 years;
range: 2834 years; follicular phase, n = 5; luteal phase, n
= 9) between October 2022 and May 2025. The inclusion
criteria were as follows: (1) a history of infertility for more
than one year; (2) age between 20 and 38 years; (3) a basal
serum follicle-stimulating hormone (FSH) level <8 IU/L
and a basal serum LH level <10 IU/L prior to controlled
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ovarian hyperstimulation; and (4) a baseline antral follicle
count >6. Exclusion criteria comprised: (1) polycystic
ovary syndrome or isolated hyperandrogenism, premature
ovarian failure, uterine abnormalities (e.g., uterine fibroids,
Asherman’s syndrome, adenomyosis, or endometrial
polyps), diabetes, hypertension, thyroid disorders, or
other hepatic, renal, cardiac, or hematologic diseases; (2)
untreated or inadequately managed endocrine or immune
disorders; and (3) a history of smoking, alcohol abuse, or
substance addiction. All participants were diagnosed with
superficial peritoneal endometriosis or deep infiltrating
endometriosis and subsequently underwent complete
excision of the lesions. None of the patients had received
preoperative hormonal therapy. Endometriosis was ini-
tially suspected based on clinical or ultrasonographic
findings and confirmed through surgical and postoperative
pathological examination. Laparoscopic evaluation ruled
out other pelvic pathologies that could be confounders.
The menstrual phase was determined based on the day
of the reproductive cycle and histological analysis of the
endometrium.

5 healthy women (mean age: 27.4 years; range 26—30
years; follicular phase, n = 2; luteal phase, n = 3) without
endometriosis were recruited in this study, and endometrial
samples were obtained using a pipelle device.

Written informed consent was obtained from all par-
ticipants prior to enrollment in this study. All procedures
adhered to the ethical standards of the institutional and na-
tional research committees, as well as the Helsinki Declara-
tion and its subsequent amendments. The Bioethics Com-
mittee of The Fourth Hospital of Shijiazhuang approved this
study (Approval number: 20220039).

Medical records were obtained from the Shijiazhuang
Obstetrics and Gynecology Hospital. Each tissue sample
was divided for total RNA extraction, protein extraction,
and cell isolation.

2.6 Immunohistochemistry (IHC)

Paraffin-embedded tissue sections (4 um thick) were
deparaffinized through sequential xylene immersion (2 x
10 min) and rehydrated in a graded ethanol (cat.no.BP2818-
500, Thermo Fisher Scientific, Waltham, MA, USA) se-
ries (100%, 95%, and 70%, 3 min each). After thor-
ough rinsing in PBS (Phosphate-Buffered Saline; pH 7.4,
cat.no.18912014, Thermo Fisher Scientific, Waltham, MA,
USA), antigen retrieval was performed by heating the sec-
tions in 10 mM sodium citrate buffer (pH 6.0, cat.n0.S5770-
50 ML, Sigma-Aldrich, St. Louis, MO, USA) at 95 °C for
20 min in a water bath. Following cooling to room temper-
ature (RT) and washing with PBS, endogenous peroxidase
activity was quenched with 3% H2O5 (cat.no. 033323-AP,
Thermo Fisher Scientific, Waltham, MA, USA) for 15 min
at RT.
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Sections were blocked with 5% normal goat serum
(cat.no.C0265, Beyotime Biotechnology, Shanghai, China)
in PBS with 0.3% Triton X-100 (cat.no. X100-100ML,
Sigma-Aldrich, St. Louis, MO, USA) for 1 h at RT, then
incubated overnight at 4 °C with primary antibody (rab-
bit anti-FABP4 polyclonal antibody, 1:200 dilution, cat.no.
ab13979, Abcam, Waltham, MA, USA). After three 10
min washes with TBST (Tris-buffered saline with 0.1%
Tween 20), sections were incubated with horseradish per-
oxidase (HRP)-conjugated goat anti-rabbit secondary anti-
body (1:500 dilution, cat.no. #7074, Cell Signaling Tech-
nology, Inc., Danvers, MA, USA) for 2 h at RT.

Following three additional TBST washes (5 min
each), immunoreactivity was visualized using a DAB sub-
strate kit (cat.no. #8059, Cell Signaling Technology, Inc.
Danvers, MA, USA) with a development time of 3—5 min.
Sections were counterstained with Mayer’s hematoxylin for
1 min, dehydrated through graded alcohol series, cleared in
xylene, and mounted with mounting medium.

Images were captured using microscopy. Two pathol-
ogists independently evaluated staining intensity (0: nega-
tive; 1: weak; 2: moderate; 3: strong) and the percentage
of positively stained cells (0-100%). An H-score (range:
0-300) was calculated by multiplying the staining intensity
by the percentage of positive cells.

2.7 Isolation, Purification of ESCs

ESCs were isolated from endometrial tissue with es-
tablished methods [18,19]. Briefly, tissue samples were
minced and then digested in DMEM/F12 with type I colla-
genase (2.5 mg/mL, cat.no. C1-22-1G, Sigma-Aldrich, St.
Louis, MO, USA) and DNase I (15 U/mL, cat.no. D7291,
Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 1 h. De-
bris was removed by filtration through a 40 um nylon cell
strainers. Cells were collected by centrifugation at 400 xg
for 10 min and cultured in DMEM/F12 supplemented with
10% fetal bovine serum (FBS) (cat.no. E510008, Sangon
Biotech Co., Ltd, Shanghai, China), penicillin (100 U/mL)
and streptomycin (100 pg/mL) (cat.no. E607011-0100,
Sangon Biotech Co., Ltd, Shanghai, China). Upon reach-
ing confluence, cells were dissociated with 0.25% trypsin
(cat.no. E607002-0100, Sangon Biotech Co., Ltd, Shang-
hai, China), harvested, and re-plated in 6 well plates at a
density of 2 x 10° cells/well. Cell purity was assessed by
immunofluorescence staining for vimentin (stromal cells),
cytokeratin (epithelial cells), and CD45 (leukocytes). Stro-
mal cell purity exceeded 95%, as confirmed by positive vi-
mentin staining and negative staining for cytokeratin and
CD45.

2.8 FABP4 Overexpression Vector Construction

The full length of 396 bp FABP4 coding sequence was
cloned into the pcDNA3.1 plasmid between BamHI and
Xbal sites to generate the FABP4 overexpression vector.
The plasmid was transfected into primary ESCs by electro-
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poration, and the expression of FABP4 was examined by
immunoblotting 48 h after transfection.

2.9 Immunoblotting

Proteins were extracted from cell samples us-
ing Radioimmunoprecipitation Assay (RIPA) buffer
(cat.no.J63306-AP, Thermo Fisher Scientific, Waltham,
MA, USA), separated on 4-12% Bis-Tris polyacrylamide
gels (cat.no. NP0321BOX, Thermo Fisher Scientific,
Waltham, MA, USA), and transferred to polyvinylidene
difluoride (PVDF) membranes (cat.no. IPVH00010,
Millipore, Burlington, MA, USA). Membranes were
blocked with 5% fat-free milk and incubated overnight
at 4 °C with a primary antibody against FABP4. After
washing with TBST, membranes were incubated with
an HRP-conjugated secondary antibody diluted in TBST
containing 5% fat-free milk (cat.no.P0216-300g, Beyotime
Biotechnology, Shanghai, China). Protein bands were
visualized using a SuperSignal West Femto Maximum
Sensitivity Substrate kit (cat.no. 34094, Thermo Fisher
Scientific, Waltham, MA, USA), with [-actin as the
loading control.

Antibody information:

Rabbit anti-FABP4 polyclonal antibody (1:1000 dilu-
tion, cat.no. ab13979, Abcam, Waltham, MA, USA).

HRP-conjugated goat anti-rabbit secondary antibody
(1:3000 dilution, cat.no. #7074, Cell Signaling Technology,
Danvers, MA, USA).

HRP-conjugated mouse anti-/3-actin monoclonal an-
tibody (1:3000 dilution, cat.no. sc-542972, Santa Cruz
Biotechnology, Dallas, TX, USA).

2.10 Cell Viability Analysis

Cell wviability was assessed using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) assay. A total of 2 x 103 ESCs were seeded
into each well of 96-well plates and allowed to adhere
overnight. After treatment, the cells in each well were
incubated with 20 pL of MTT (5 mg/mL, cat.no. 475989-
1GM, Sigma-Aldrich, St. Louis, MO, USA) for 4 h.
The supernatants were carefully removed from each well
and dimethyl sulfoxide (DMSO, cat.no. 20-139, Sigma-
Aldrich, St. Louis, MO, USA) was added. Absorbance
was measured at 570 nm.

2.11 Flow Cytometry

Cells were harvested by gentle trypsinization, washed
once with ice-cold PBS (pH 7.4), and pelleted by centrifu-
gation at 400 x g for 5 min at 4 °C. The supernatant was
carefully aspirated, and cells were resuspended in 1x An-
nexin V binding buffer (10 mM HEPES, 140 mM NaCl, 2.5
mM CaCls, pH 7.4) at a density of 1 x 106 cells/mL.

Cells were incubated with 5 pL of Annexin V-FITC
(Cat. No. 640906, BioLegend, San Diego, CA, USA) for
15 min at RT in the dark. Prior to analysis, 10 pL of propid-

ium iodide (PI) solution (50 ng/mL) was added to discrimi-
nate late apoptotic or necrotic cells. Samples were acquired
within 1 h of staining using a BD FACSCanto II flow cy-
tometer (BD biosciences, Franklin Lakes, NJ, USA), with
a minimum of 20,000 events recorded per sample. Fluo-
rescence was detected using: FITC (Annexin V): 488 nm
excitation, 530/30 nm emission filter. PI: 488 nm excita-
tion, 585/42 nm emission filter. Results were analyzed us-
ing FlowJo software (v10.4.1, Tree Star, Inc. Ashland, OR,
USA).

2.12 Oxygen Consumption Assay

Mitochondrial function was evaluated using a Sea-
horse XF24 Analyzer (Agilent Technologies, Santa Clara,
CA, USA) and the Seahorse XF Cell Mito Stress Test Assay
(cat.no. 103016-100, Agilent Technologies, Santa Clara,
CA, USA). Briefly, 1 x 10* cells were seeded into 24-well
plates and allowed to adhere overnight. OCR was measured
following sequential injections of oligomycin, carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP), and
a combination of rotenone and antimycin A, according to
the manufacturer’s protocol.

2.13 Immunofluorescence

The cells were fixed using 4% formaldehyde at RT
for 10 minutes, followed by permeabilization on ice for an
additional 10 minutes with PBS containing 0.5% Triton-
X100. After a 30 min incubation with blocking buffer com-
posed of PBS, 0.1% Tween 20, and 1% BSA, cells were in-
cubated overnight at 4 °C with diluted antibodies: Alexa
Fluor 488 labeled VIM antibody (1:300 dilution, cat.no.
ab154207, Abcam, Waltham, MA, USA), Alexa Fluor 488
labeled mouse anti-cytokeratin monoclonal antibody (1:200
dilution, cat.no. sc-57004 AF488, Santa Cruz Biotech-
nology, Dallas, TX, USA), or FITC labeled mouse anti-
CD45 monoclonal antibody (1:200 dilution, cat.no. sc-
53201 FITC, Santa Cruz Biotechnology, Dallas, TX, USA).
After three washes, slides were mounted with an antifade
mounting medium containing DAPI (cat.no. H-1200-10,
Vector Laboratories, Inc., Newark, CA, USA), and images
were captured using fluorescence microscope (ECLIPSE
Ti2, Nikon, Melville, NY, USA).

2.14 Statistical Analysis

Data was analyzed using R (version 4.4.1). Statistical
significance between the two groups was evaluated by using
two-tailed Student’s ¢-test, and results with a p-value < 0.05
were considered significant. For comparisons among three
groups, one-way analysis of variance (ANOVA) followed
by post-hoc tests was applied.

3. Results

To identify critical genes involved in the initiation and
progression of endometriosis, WGCNA was performed on
the GSE11691 dataset. A sample clustering tree was con-
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structed (Fig. 1A), and no significant outliers were iden-
tified. A soft-thresholding power of 6 was selected, as
shown in Fig. 1B. Genes were clustered into 13 mod-
ules (Fig. 1C), and 2156 genes in 4 key modules (blue,
brown, pink and yellow) were positively correlated (r >
0.5, p < 0.05) with the endometriosis phenotype (Fig. 1D).
Among these, 428 genes were dysregulated in the ectopic
endometrium (Fig. 1E). The same analytical strategy was
applied to the GSE23339 dataset to identify critically dys-
regulated genes in endometriomas. All 19 samples (9 con-
trol and 10 endometriosis cases) were included, using a soft-
thresholding power of 12 (Supplementary Fig. 1A,B).
Genes were clustered into 17 modules (Supplementary
Fig. 1C). Among these, 1056 genes in 3 key modules
(midnight blue, brown and turquoise) showed significant
positive correlation (» > 0.5, p < 0.05) with endometrio-
sis (Supplementary Fig. 1D). Of these, 181 genes were
dysregulated (Supplementary Fig. 1E). The intersection
of results from GSE11691 and GSE23339 yielded 48 crit-
ical DEGs implicated in endometriosis (Fig. 2A,B). The
top 10 genes with the highest fold change are shown in
Fig. 2C. Functional enrichment analysis revealed that these
48 DEGs were functionally enriched in GO terms the in-
cluded cell adhesion, regulation of leukocyte migration,
regulation of leukocyte proliferation, and complement acti-
vation (Fig. 2D).

Among the 48 critical DEGs, FABP4 has been re-
ported to play a role in embryonic implantation [9].
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Khanaki et al. [20] reported that a high w-3:w-6 fatty
acid ratio increases FABP4 expression in human ectopic en-
dometrial cells and may be associated with endometriosis.
Given these findings, we focused on FABP4 expression. To
further explore its role in endometriosis, Spearman correla-
tion coefficients were calculated to evaluate the relation-
ships between FABP4 and other genes, and the results were
subjected to GSEA. We observed that genes correlated with
FABP4 were enriched in GO terms related to mitochondrial
composition and function (red box in Fig. 3A), angiogenesis
and vasculature development (blue box in Fig. 3A), as well
as the adaptive immune response and leukocyte migration
(green box in Fig. 3A). Representative GSEA enrichment
maps related to mitochondrial composition and function are
shown in Fig. 3B. Similar results were obtained from the
GSE23339 dataset, in which genes significantly associated
with FABP4 expression in ectopic endometrium were also
enriched in terms related to mitochondrial composition and
functional regulation (Supplementary Fig. 2A,B). Based
on these results, we hypothesized that the upregulation of
FABP4 in ectopic endometrium may be associated with mi-
tochondrial dysfunction.

To investigate the role of FABP4 in endometriosis, we
recruited a cohort comprising 14 patients with endometrio-
sis. FABP4 expression was assessed by THC, confirming
its upregulation in ectopic endometrium compared with eu-
topic tissue (Fig. 4A). Subsequently, primary ESCs were
isolated and transfected to achieve transient overexpression


https://www.imrpress.com

A B I
— wa, M2 oo FoLR2
GSE11691 GSE23339 = s e o
we o o
i c &R
PR STAB1
R — o o
-------------- - EVSVFE‘:? — - - MAFB
. Aigers ! BGERe 1
o B Aird
R | o -
poc iR
= SGoE - e M-
e = B hE
[c e, c |
Floers T
Fros = Fo%kC
ol ct
VGAM1 - FCHSD2
380 ¢ 48 133 Fad PLECRE
b " FH RNASE1
9 { %) ! o o [
(67.7%) . (8.6%) (23.7%) Tiie el
g / - WAFS POLIS
v 1 o) o)
\ 4 i ARiGeFs
RoAPD HEFSE
o [y
Tirose BBy
AR i3
cbiso 105
Ciae &
|| Cion PR
FoGre e
- Bt — - ationt
i SScE
Pl b
__________________ i R
T oy
oL 8
e PROS!
C GSE23339 D The Most Eniched GO Terms
i i
' ! 57 regulation of oligodendrocyte apoptotic process.
E (Fzo7 regulation of leukocyte proliferation §
1 regulation of leukocyte migration:
: (o) g yte migrati
ositive regulation of leukocyte migration:
k (ras) ” N e ma
i oligodendrocyte apoptotic process:
v = g yte apoptotic pr
; negative regulation of integrin activation
p PO
:
]

sted P Value)

~log o(Adjusted P Value)

Tog ol Adju

[ 5
loga(Fold Change) loga(Fold Change)

leukocyte migration 3

ONTOLOGY

hematopoietic stem cell migration to bone marrow BP

integrin activation

complement activation cc
cellular extravasation | MF
cell-substrate adhesion

cell-matrix adhesion

complement component C1q complex
complement component C1 complex

20

collagen trimer

cargo receptor acnvuy-l ];‘
2/48 3/48 4/46 4/48 5/48 6/48 748 8/48 9/48
Gene_Ratio

Fig. 2. Functional analysis of key DEGs associated with endometriosis. (A) Venn diagram showing key DEGs related to endometriosis
in both GSE11691 and GSE23339 datasets. (B) Heatmap of 48 DEGs across samples. (C) Volcano plot of differentially expressed genes
in patients with endometriosis. The boxes on the right in each panel label the top 10 upregulated genes positively correlated with
endometriosis. (D) Gene Ontology (GO) analysis of the 48 DEGs. BP, Biological Process; CC, Cellular Component; MF, Molecular

Function.

of FABP4 (Supplementary Figs. 3,4). FABP4 overexpres-
sion promoted endometrial stromal growth (Fig. 4B) and
inhibited apoptosis (Fig. 4C). We then examined the im-
pact of FABP4 on mitochondrial function by measuring the
OCR. As shown in Fig. 4D, cells overexpressing FABP4
exhibited a significantly increased OCR, indicating altered
mitochondrial activity.

4. Discussion

Endometriosis is a multifactorial disease characterized
by the presence of endometrial-like tissue outside the uter-
ine cavity. Key pathogenic mechanisms involve alterations
in cell proliferation, apoptosis, cell adhesion, and inflam-
mation [21,22]. Herein, we utilized GEO gene expression
datasets for DEG analysis and WGCNA. This approach
identified 48 key DEGs. Functional enrichment analysis re-
vealed that these genes are primarily involved in processes
such as complement activation and cell adhesion, both of
which contribute to the pathogenesis of endometriosis. No-
tably, we identified FABP4, a gene associated with mito-
chondrial dysfunction in ESCs,as one of the most signifi-
cantly upregulated genes in ectopic endometrium. To the
best of our knowledge, this preliminary study is the first to
characterize the role of FABP4 in human ESCs and to pro-
pose it as a candidate therapeutic target for endometriosis.

FABP4 is an intracellular lipid chaperone that is pri-
marily expressed in adipocytes and macrophages [23,24]. It
is commonly dysregulated in metabolic disorders, including
obesity and metabolic syndrome [25]. Abnormal FABP4
expression has also been reported in several cancer types
[26]. Within the reproductive system, FABP4 acts as an im-
portant regulator of proliferation, migration, and invasion
in endometrial epithelial cells, and it also contributes to the
regulation of endometrial receptivity [8,9]. In this study, we
found that FABP4 upregulation is positively correlated with
endometriosis. To our knowledge, this study is the first to
confirm that FABP4 overexpression promotes cell viabil-
ity and regulates mitochondrial function. Through analy-
sis of gene expression profiling data, we also observed that
FABP4 may regulate angiogenesis and adaptive immune re-
sponses. The multifunctional role of FABP4 may contribute
to the rapid cellular growth and inflammatory phenotypes
of endometriosis, although further validation is required.

Limitations

This study had several limitations: (1) Our findings
are based on bioinformatic analyses and in vitro cellular
experiments; in vivo studies with animal models are nec-
essary to validate the role of FABP4 in endometriosis. (2)
Although this study confirms the role of FABP4 in the reg-
ulation of mitochondrial function, its potential effects on
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Fig. 3. Identification of FABP4 related biological functions using the GSE11691 dataset. (A) Gene set enrichment analysis (GSEA)
was used to identify enriched GO terms of genes correlated with FABP4. Bubble plot shows the top 50 enriched GO terms of genes
associated with FABP4. Red box indicates GO terms related to mitochondria function. Blue box indicates terms related to angiogenesis.
Green box labels terms related to immune response. (B) GSEA shows enrichment of genes related to FABP4 in mitochondrial related
functions (p < 0.05). FABP4, fatty acid binding protein 4.
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angiogenesis and immune responses require further inves-
tigation.

5. Conclusions

In conclusion, we identified a functional role for
FABP4 dysregulation in endometriosis and propose it as a
potential therapeutic target for endometriosis.
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