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Abstract. Background. Pelvic inflammatory disease (PID) is an infection of the female reproductive system. PID is usually
caused by infection with Chlamydia trachomatis (CT) and Neisseria gonorrhoeae (NG). Women with PID have an increased
risk of becoming infertility. The aim of this study was to determine the molecular mechanisms that influence infertility
and embryonic development in PID with CT and NG infections. Materials and methods. Microarray data were extracted
from the Gene Expression Omnibus (GEQO), and the protein-protein interaction network was constructed using Cytoscape
software. Network analysis was performed to identify hub-bottlenecks and sub-networks. The functional mechanisms
for critical genes were identified using the webgestalt server. Results. RPL13, EEF1G, JAK2, MYC, IL7R, CD74,
IMPDH2, and NFATS5 were identified as crucial genes in protein-protein interactions and gene regulatory networks in CT
and NG infections of PID. Ribosome, hematopoietic cell lineage, platelet activation, and Chagas disease, JAK-STAT
pathway, eukaryotic translation elongation, Rapl pathway, apoptosis, protein processing in the endoplasmic reticulum,
progesterone-mediated oocyte maturation, and Epstein—Barr virus infection were identified as significant signaling
pathways involving in CT and NG infections. Conclusion. Our model suggests novel critical genes, and functional pathways
involved in CT and NG infections, establishing a link between these infections and infertility. However, further studies
in vitro and in vivo are needed.

Key words: pelvic inflammatory disease, infertility, bacterial infections, protein-protein interaction network, gene regulatory network,
computational biology.
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(NG). Xenwmunel ¢ B3OMT nMeloT MoBbILIEHHBII pUCK pa3BUTUs O0ecroaus. Llenpio faHHOTO McclefoBaHUs S1B-
JISIETCS OIpenesieHe MOJICKYISIPHBIX MEXaHU3MOB, KOTOPBIE BIUSIOT Ha OecCIIoaue u SMOPUOHAIbHOE Pa3BUTHE ITPU
B3OMT c uadexkuusmu CT u NG. Mamepuanst u memoos:. JJaHHBIE MUKPOYHUIIOB ObLIM aHAJIM3UPOBAHBI TP ITOMO-
i Gene Expression Omnibus (GEO), a ceTb 6€10K-06e1KOBBIX B3aUMOACCTBUIA OblJIa TOCTPOEHA C TOMOUIBIO TTPO-
rpaMMbl Cytoscape. CeTeBoii aHaIM3 ObLT BHITIOJTHEH JUJISI BBISIBJICHUST Y3JIOBBIX TOUEK U MojceTeil. DYHKIIMOHATbHbIE
MEXaHU3MbI ISl KPUTMYECKMX TE€HOB ObLIM MACHTUGhUIIMPOBAHBI C MOMOIIbIO cepBepa webgestalt. Pezyabmamol.
RPLI13, EEFIG, JAK2, MYC, IL7R, CD74, IMPDH2 u NFATS5 Obl11 uaeHTU(UIMPOBAaHBI KaK BasKHbIE TEHBI BO B3a-
UMOJIEHCTBUSIX Oe0K-0e0K U ceTsax peryasuuu reHoB pu B3OMT c undexkuusimu CT u NG. BaxHbie curHajJbHbIE
nyTH, BoBiedeHHbIe B uHQeKuun CT n NG, ObL1M acCOUMUPOBAHbBI C pUOOCOMAMU, TEMOMOATUYECKUMU KJI€TOYHbI-
MU JUHUSAMM, aKTUBauueit TpomoounToB U 06oae3Hbto Ilaraca, myrtem JAK-STAT, sykapuoTnuecKkoii aMoHTalueit
TpaHCISIIMH, TyTeM Rapl, amonTo3oM, MpoIieCCHHTOM 0€IKOB B 9HAOIIIA3MaTUIECKOM PETUKYIYME, IIPOreCTepOH-
OTIOCPEIOBAHHBIM CO3PEeBaHMEM OOILIMTOB M MH(pEKIMei Bupycom DnmteiiHa—bapp. 3axaruenue. Hata Mmomens mo-
3BOJISIET MPEIJIOKUTh HOBbIE KPUTHUUECKUE TeHbI U (PYHKIIMOHAIbHbIE MYTU, BoBieueHHbIe B MHPekuuun CT u NG,
yCTaHaBJIMBAs CBA3b MEXIY 3TUMU MHMPEeKIUAMU U OecroaueM. OqHaKo HEOOXOIMMO MPOBENeHME NalbHENIITNX

UCCeN0BaHU in Vitro 1 in vivo.

Karouesnie caosa: 6ocnasumenvhvle 3a001e6aHUS 0P2AHO8 MAN020 MaA3d, Oecnaodue, baKmepuanvivie UHEKUUU, cemb 0es0K-
0enK08020 83auMO0eiicmeus, cemb peyaayul 2eH08, BbIMUCAUMENbHAS OU0A02US.

Introduction

Pelvic inflammatory disease (PID) is known as
a poly-microbial infection of the upper reproductive
tract that predominantly affects sexually active young
women, particularly those with multiple partners [4].
The diagnosis of PID is based on various clinical
symptoms, including lower abdominal pain, puru-
Ient vaginal discharge, abnormal uterine bleeding,
and an elevated body temperature. A bimanual pelvic
examination supports the diagnosis of PID through
defining features such the presence of cervical mo-
tion tenderness, uterine tenderness, and adnexal
tenderness [34]. The data show that, multiple types
of organisms can contribute to the etiology of PID,
emphasizing the importance of considering a broad-
er range of pathogens in the diagnosis and treatment
of this disease. There is evidence supporting the sig-
nificant involvement of Chlamydia trachomatis (CT)
and Neisseria gonorrhoeae (NG) in the development
of PID. Both are Gram-negative pathogens that can
survive both extracellularly and intracellularly [7].

The consequences of PID can have various long-
term effects. Women with PID have an increased risk
of infertility due to tubal factor infertility (TFI), with
around 20% of women affected by it. This complica-
tion. Scarring of the fallopian tubes can lead to block-
ages or damage in the fallopian tubes, making it more
difficult for the egg to reach the uterus for fertilization.
Another possible complication of PID is the increased
risk of ectopic pregnancy, in which the fertilized egg
implants outside the uterus, typically in the fallopian
tubes [14]. The percentage of tubal factor infertility
attributed to CT infection may vary (estimates range
from 10% to 50%), depending on the specific sero-
logic tests used for estimation [1]. The primary con-
cern regarding the damage caused by NG infection
is the death of ciliated epithelial cells. These cells play
a crucial role in fertility by facilitating the transport
of the fertilized ovum towards the uterus. When cili-

ated cells are affected and lose their function, it sig-
nificantly increases the risk of tubal factor infertility
and ectopic pregnancy [27]. Several research groups
have observed that a decrease in ciliary beat frequen-
cy occurs in various contexts before the visible dam-
age to the epithelial surface [28].

Over the past two decades, systems biology has
emerged as a novel and comprehensive approach to the
study of biology. This interdisciplinary field has sig-
nificantly improved our understanding of the molecu-
lar mechanisms underlying various diseases [37]. By
integrating and analyzing complex biological data at
multiple levels, including genomics, proteomics, and
metabolomics, systems biology has provided valuable
insights into the intricate pathways of disease. This
approach has paved the way for discoveries and thera-
peutic strategies in the field of biology [9]. The molecu-
lar mechanisms involved in infertility and embryonic
development in PID are still not fully understood.
Therefore, in this study, we constructed protein-pro-
tein interactions and gene regulatory networks to un-
derstand critical genes and molecular mechanisms in-
volved in CT and NG infections in PID.

Material and methods

Collection and processing of data. The microarray
dataset related to pelvic inflammatory was extracted
from the Gene Expression Omnibus (GEQO) database
(https://www.ncbi.nlm.nih.gov/geo). Zheng L. et al.
in 2018 [49] analyzed blood samples from patients
with pelvic inflammatory disease infected with CT
and NG infections (GSE110106) (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc = GSE110106).
We separated the differentially expressed genes
(DEGs) based on |log,FC > 0.5| and the P-value <
0.05 of this dataset using GEO2R. The workflow
study is represented in Fig. 1 (cover II).

Construction of protein-protein interaction network
(PPIN). The STRING and HIPPIE databases were
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separately used to map the interaction of DEGs re-
lated to CT and NG. These networks obtained from
each database were then merged separately in the
Cytoscape software for both infections.

Topological analysis. The Network Analyzer app
was then used to analyze networks degree, between-
ness centrality, clustering coefficient, shortest path,
network density and diameters. Finally, the common
nodes between PPINs of both infections with a de-
gree > 10 and a betweenness centrality > 0.01 were
determined using a Venn diagram. These nodes were
used for further analysis.

Detection of clusters in PPINs. The Molecular
Complex Detection (MCODE) app was used to de-
tect highly interconnected network regions (clusters)
and seed nodes in the PPI networks of both infections.
The default settings of the MCODE app (cut off =
0.2, K-Core = 2, and Max-Depth = 100) were used
for the extraction of clusters. The subnetworks with
a score > 3 were chosen as significant clusters.

Construction and analysis of gene-regulatory net-
work (GRN). The four relationships, miR-gene, miR-
TF, TF-gene, and miR-TF were created using miR-
TarBase, TRANSFACT, and Transmir databases.
These relationships were input into Cytoscape soft-
ware and visualized as GRNs. The Network Analyzer
app was then used to extract the properties of net-
works, including degree, and betweenness centrality.
Finally, common nodes with a degree of 5% and a be-
tweenness centrality of 5% were identified in GRNs

Table 1. The list of hub-bottlenecks in Chlamydia
trachomatis (CT) and Neisseria gonorrhoeae (NG)
infections

Genes | Degree | Betweenness centrality

CT

LRRK2 70 0.080949
HSP90AB1 69 0.075475
BIRC3 66 0.078461
APEX1 52 0.102002
CD4 48 0.047645
CD74 45 0.057007
HNRNPA2B1 44 0.019454
RPLPO 43 0.017128
RPS9 43 0.014556
RHOB 42 0.041998
NG

MYC 26 0.506756
EEF1G 19 0.128775
RPL3 16 0.123235
RPL35 15 0.070224
TPT1 15 0.041017
RPL13 15 0.035638
RPL22 15 0.028137
RPL14 14 0.035638
BCL2 10 0.112867
JAK2 10 0.068586

of all infections and common nodes between both
infections were determined using the Venn diagram.
These nodes were used for further analysis.

Functional pathways analysis. The common nodes
with the highest degree, and betweenness centrality
in PPIN and GRN, as well as cluster nodes were se-
lected for functional pathways. The nodes were en-
riched using the webgestalt tool.

Results

Raw data collection and processing. Analysis
of dataset GSE110106 with GEO2R, applying filters
of |l0g2FC > 0.5|and the P-value < 0.05, revealed
338 (146 up-regulated and 192 downregulated) and
70 (37 upregulated and 33 down regulated) differen-
tially expressed proteins in CT and NG, respectively.
All DEGs are listed in Supplementary Table S1.

Construction of PPIN. The STRING and HIPPIE
databases were used for the drawing of PPIN. These
networks were merged and visualized for both CT
and NG infections using Cytoscape software, sepa-
rately. The CT PPIN had 277 nodes and 1817 edges
and the NG PPIN showed 45 nodes and 151 edges.

Topological analysis. The network analyzer pl-
ugin was used to evaluate the topological network
properties and determine the critical nodes (hub
and bottleneck). The topological network properties
related to PPIN of CT included: clustering coeffi-
cient of 0.262, shortest path of 95%, network density
of 0.042, and diameter of 8. For the topological net-
work properties PPIN of NG had a clustering coef-
ficient of 0.360, shortest path of 95%, network density
of 0.121, and diameter: 5. Fig. 2A and 2B (cover II)
show the two infection subnetworks, containing
common genes with a degree > 10 and a betweenness
centrality > 0.01 as hub-bottlenecks. Table 1 depicts
and characterizes them by their degree and between-
ness centrality). In addition, the 16 common nodes
(IL7R, PRPF4B, HNRNPA1P10, RMI1, SGK223,
ZFC3H1, NFATS5, N4BP2L2, ABCAIl, XIST,
CXXC5, MAL, EEF1G, RPL13AP6, RPL13, and
BAZI1A) between PPIN of both infections were iden-
tified using a Venn diagram.

Sub-networks detection. The extraction of clus-
ters by the MCODE app in the Cytoscape software
resulted in 6 and 2 clusters with a score > 3 for CT
and NG, respectively. The seed nodes in the CT
sub-networks included: CD74, CD52, CAPZAI,
IMPDH2, FCGR2A, and SRSF11. In the NG sub-
networks, MYC and JAK2 were identified as seed
nodes (Table 2 and Fig. 3A and 3B, cover III).

Construction of GRN. The four relationships
(miRNA —>gene, TF—>gene, miRNA—TF, and
TF—miRNA interactions) were merged to create
GRN in Cytoscape software. The GRN of CT com-
promised 2611 nodes, and 23 439 edges. The GRN
of NG showed 2178 nodes and 10 630 edges. The com-
mon nodes with 5% degree and 5% betweenness cen-
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Table 2. Summary of cluster characteristics of CT and NG protein-protein interaction networks identified

using the MCODE app.
Cluster | Score | Nodes | Edges | Node IDs
CT
1 16.889 | 19 159 | PA2G4, RPL36, BIRC3, RPS9, HNRNPR, RPS3A, RPLPO, RPL13, FLT3LG, RPL12, CD74,
EIF5A, RPS4X, HNRNPA2B1, RPS5, HSP90AB1, EEF1G, EEF1D, EIF3I

2 9.455 12 54 CD4, CD79B, CD96, CD3G, CD79A, CD3E, CD52, CD27, CD44, IL7R, BCL6, PTPRCAP
3 4 4 7 ACTG1, CAPZB, CAPZA1, WDR1

4 3.5 5 7 TPI1, LRRK2, PPP1CA, IMPDH2, OGT

5 3.5 5 7 FCGR2A, FCRLA, FCER2, CXCR5, PRF1
NG

1 10.8 11 62 RPL7A, RPL3, EEF1G, RPL35, RPL22, RPS17, TPT1, MYC, RPS18, RPL13, RPL14

2 4 4 7 CISH, JAK2, BCL2, IL7R

trality between the GRN of CT and NG infections
included 89 nodes (45 genes, 9 miRNAs, and 35 TFs)
and 470 edges for CT 89 nodes (21 genes, 19 miRNAs,
and 49 TFs) and 435 edges for NG, respectively
(Fig. 4A and 4B, cover 111).

The intersection GRN between both infections
showed 39 nodes (2 genes, 9 miRNAs, and 26 TFs), and
139 edges. This common network includes NFATS,
and MYC genes, miR-93, miR-155, miR-19a, miR-
106b, miR-124, miR-17, miR-20a, miR-21, and miR-
16 miRNAs, and 26 TFs (Fig. 4C, cover I11).

Gene ontology and functional pathways analysis.
The functional pathway analysis for hub-bottleneck and
cluster nodes was performed for both infections with
webgestalt. In CT, Pathway analysis revealed that ribo-
some, hematopoietic cell lineage, platelet activation,
and Chagas disease are important pathways. Among
the hub-bottleneck and cluster nodes in the PPIN
of NG, the ribosome and the JAK-STAT signaling
pathway are the most important pathways. Common
nodes between both infections are involved in eu-
karyotic translation elongation, and disease pathways.
Table 3 shows the top results of gene pathway analysis.

Table 3. Functional pathways obtained by
webgestalt server for hub-bottleneck and clusters
nodes and common nodes between both infections
in PPIN of CT and NG infections

For hub-bottleneck in GRN of CT, five major
signaling pathways are Rapl signaling pathway, ap-
optosis, protein processing in endoplasmic reticu-
lum, progesterone-mediated oocyte maturation, and
Chagas disease. In GRN of NG, hub-bottleneck
nodes are involved in colorectal cancer, small cell
lung cancer, Epstein—Barr virus infection, amyo-
trophic lateral sclerosis (ALS), and pathways in can-
cer. Table 4 shows the analysis pathways associated
with hub-bottleneck GRN in both infections.

Discussion

Pelvic inflammatory disease is a clinical syn-
drome that affects the female reproductive system,
encompassing the uterus, vagina and fallopian tubes.
It is characterized by pelvic pain, typically presenting
as lower abdominal pain, and tenderness in the uter-
ine, cervical or adnexal [11]. The sexually transmit-
ted organisms CT and NG are the most well-known
pathogens associated with PID patients [12]. PID can
lead to inflammation, damage and scarring in the re-
productive organs, potentially resulting in the block-
age of fallopian tubes, hindering egg fertilization, and
impeding the transportation of the fertilized egg into
the uterus for implantation. These complications can

Table 4. Functional pathways identified by

i | Term | FOR the Webgestalt server for hub-bottleneck GRN
cr : of CT and NG infections
hsa03010 Ribosome 2.42E-05 D | Term | FDR
hsa04640 Hematopoietic cell lineage | 3.77E-05 CT
hsa04611 Platellet activation. 0.000142 hsa04015 Rap1 signaling pathway 013726
hsa05142 Chagas disease (American | 4 50505 | [hsa04210 Apoptosis 0.13726
Irypanosomiasis) Protein processing in endoplasmic
NG ‘ hsa04141 reticulum 0.16986
hsa03010 Ribosome 2.95E-11 hsa05215 Prostate cancer 0.16986
hsa04630 JAK-STAT signaling pathway | 8.78E-06 NG
Common nodes hsa05210 Colorectal cancer 0.02424
between both
infections hsa05222 Small cell lung cancer 0.02424
i i hsa05169 Epstein—Barr virus infection 0.13008

R-HSA-156842 Eukaryotic Translation 1 pstein- ‘

Elongation hsa05014 | Amyotrophic lateral sclerosis (ALS) | 0.13008
R-HSA-1643685 Disease 1 hsa05200 Pathways in cancer 0.14024
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lead to critical outcomes, such as infertility and ec-
topic pregnancy [13]. Although PID is usually treated
with antibiotics, chronic infections prove extremely
challenging to address. Therefore, it is important
to identify critical genes and molecular mechanisms
for untreatable PID cases.

The study by Zheng et al. (2018) reported immu-
nologic reactions in NG and CT infections. These
are shown women with NG and/or CT-induced PID
have an increased expression of myeloid cell genes
and inhibition of protein production, mitochondrial
oxidative phosphorylation, and T-cell specific genetic
material [10]. However, the present study is an in sili-
co analysis that predicts critical genes and functional
mechanisms of PID with CT and NG infections using
PPIN and GRN, and explores the relationship of these
genes to infertility and embryonic development. Some
critical genes identified in PPIN and GRN related
to these infections include RPLI13, EEFIG, JAK2,
MYC, IL7R, CD74, IMPDH2, and NFATS.

RPL13, EEF1G and IL7R emerged as important
genes in the PPINs of both infections. RPL13 (ribo-
somal protein L13) is a component of the 60S subu-
nit of ribosomal organelle responsible for protein
synthesis. Increased expression of RPLI3 has been
demonstrated to activate antiviral innate immune
signaling pathways, leading to up-regulation of nu-
clear factor-kB (NF-xB), interferon-3 (IFNp), and
the pro-inflammatory cytokine interleukin-6 (IL-
6) [14]. EEF1G encodes the elongation factor 1-gam-
ma subunit of the elongation factor-1 complex, in-
volved in the delivery of aminoacyl-tRNAs to the
ribosome during the protein synthesis process.
Thus, elongation factor-1 complex and its subunits
may have a function in non-translational process-
es [15]. Furthermore, additional studies on the role
of EEFIG in PID are needed. IL7R is a heterodimer
composed of the interleukin-7 receptor-a (CD127)
and the common-y chain receptor (CD132), play-
ing various roles in the development, homeostasis
and function of lymphocytes [16]. Deficiency in 1L-
7R in mice resulted a decreased in endometrial in-
nate immunity, leading to increased susceptibility
of the endometrium to CT infections [17]. Zhang
et al. found that progenitors of the CD127* uterine
natural Killer lineage were absent in the early post-
implantation phase of mouse gestation, suggesting
that the decidualized endometrial stroma has impor-
tant immune-regulatory properties [18]. Therefore,
the down-regulation of CD127* could have an impact
on embryo implantation in PID patients. An aspect
that has not yet been investigated.

JAK2and MYCemerged as important genes in the
NG sub-networks. JAK?2 (Janus kinase 2) is a non-
receptor tyrosine kinase involved in the JAK/STAT
signaling pathway, which is involved in immune re-
sponse, cell growth, and differentiation [19]. Lad et
al. demonstrated that the expression of JAK2 was
increased in CT-infected human cervical adeno-

carcinoma HelLa 229 cells, suppressing the growth
of Chlamydia [20]. JAK?2 expression is also implicat-
ed in the regulation of early preimplantation develop-
ment. Evidence indicates that JAK?2 is overexpressed
in unfertilized oocytes of mice, and then gradually
decreases until the four-cell stage, persisting at low
levels until the blastocyst stage [21]. Altered JAK?2
expression in PID may impair embryo development
and implantation. MYC, also known as c-Myc, en-
codes a nuclear phosphoprotein acting as a transcrip-
tion factor that plays a role in metabolism, apopto-
sis, cell cycle progression and cell transformation.
In Xenopus, maternal ¢c-Myc is involved in ooge-
nesis, early embryonic development, and transition
to the midblastula. The level of maternal c-Myc
protein in a mature oocyte is higher than in a so-
matically growing cell and is maintained only during
the cleavage phase of the embryo. However, the level
of c-Myc protein is reduced during the cleavage phase
until the mid-blastula stage [22]. Therefore, a change
in maternal c-Myc level during gestation may affect
early embryonic development in PID patients.

CD74 and IMPDH2 were critical genes in the CT
sub-networks. The CD74 gene encodes the gamma
chain of class II HLA histocompatibility antigen
(also called invariant chain) which has a diverse range
of biological functions, including antigen presenta-
tion, development of T- and B-cell, macrophage in-
flammation, dendritic cell motility and thymic selec-
tion. It can also act as a receptor for bacterial proteins,
macrophage migration inhibitory factor (MIF) and
D-dopachrome tautomerase (D-DT/MIF-2) [23].
Ietta et al. demonstrated that CD74 is expressed
in placental tissues throughout the first trimester
of pregnancy. They also indicated that the MIF/CD74
axis is involved in the maintenance of trophoblast ho-
meostasis under hypoxia/re-oxygenation conditions
in placental explant cultures from the first trimes-
ter of pregnancy [24]. In contrast, Al Abdulmonem
showed that the CD74 isoforms in first-trimester
trophoblast cells, JEG-3 and ACH-3 P are not ex-
pressed under normal conditions. However, bacterial
lipopolysaccharide-induced the expression of the in-
tracellular CD74 isoformin JEG-3 and ACH-3 P cells.
It is likely, that the absence of the cell surface CD74
isoform on trophoblast cells protects the fetus from
miscarriage [25]. IMPDH2 (inosine-5’-monophos-
phate dehydrogenase 2) is a rate-limiting enzyme in-
volved in the de novo biosynthesis of guanine nucleo-
tides. Rother et al. demonstrated that CT regulates
the host’s glucose and nucleotide metabolism to con-
trol its infection processes. IMPDH?2 is an impor-
tant pharmacological target that can be inhibited by
mycophenolate mofetil (MMF). Consequently they
showed that inhibition of IMPDH?2 by MMF prevents
the growth of CT in human HeLa and murine MLE
12 cells as well as in the mouse lung infection mo-
del [26]. IMPDH aggregates under certain circum-
stances to form cytoophidium, a non-membranous,
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filamentous macrostructure, in various cells such
as oocytes and their associated somatic cells in the
ovary. It has been reported that IMPDH is involved
in cGMP production to maintain oocyte meiotic ar-
rest and oocyte—follicle developmental synchrony
in mouse ovaries [27]. Ni et al. observed a reduction
in the expression of IMPDH?2 in mice, accompanied
by the formation of cyto-ophidia in growing oocytes
and granulosa cells of pre-ovulatory follicles after
a luteinizing hormone surge, naturally synchroni-
zing with oocyte meiosis resumption. Additionally,
they found that the expression of IMPDH?2 is associ-
ated with oocyte meiotic and development of embryos
beyond the 4-cell stage [27]. Therefore, the dynamic
changes in IMPDH?2 expression may be disturbed
in PID patients.

NFATS5 and MYC are critical genes in the GRN
of both infections. The nuclear factor of activated
T cells (NFATYS) is an important transcription factor
involved in the maintenance of cellular homeostasis,
playing crucial roles in the survival, proliferation,
migration, and activation of T cells and macrophag-
es [28]. A study by Hu Tao et al. (2019), reported that
NFATS is regulated by the p53/mir-27a signaling
axis and promotes the proliferation of mouse ovarian
granulosa cells proliferation through the Wnt signal-
ing pathway [29].

Functional enrichment analysis identified the ri-
bosome, hematopoietic cell lineage, platelet activa-
tion, Chagas disease, JAK-STAT signaling pathway,
eukaryotic translation elongation, disease, Rapl
signaling pathway, apoptosis, protein processing
in endoplasmic reticulum, progesterone-mediated
oocyte maturation, and Epstein—Barr virus infec-
tion pathways as functional pathways in initiation
these infections.

The functional enrichment analysis identified sig-
nificant signaling pathways, including the ribosome,
hematopoietic cell lineage, platelet activation, and
Chagasdisease in PPIN of CT infections. Additionally,
the ribosome and JAK-STAT signaling pathway were
identified as significant pathways in PPIN of NG in-
fections. The ribosome signaling pathway was shared
by both infections. While the ribosome signaling path-
way primarily plays a role in protein synthesis, it also
contributes to immune regulation. Dysregulation of ri-
bosome function may contribute to inflammation [30].
Furthermore, it was found that the translation of ribo-
somal proteins is regulated during activation of human
dendritic cells by lipopolysaccharide, a component
of the outer membrane of Gram-negative bacteria [31].
Proteomics and bioinformatics analyses have revealed
that the ribosome signaling pathway also contributes
to early pregnancy loss [32]. Therefore, further studies
on the ribosome pathway and pregnancy loss in PID
patients are needed. The hematopoietic cell lineage
pathway is involved in the production of platelets, red
blood cells and white blood cells such as neutrophils,
monocytes and lymphocytes, which participate in in-

flammatory responses. It has been shown that bac-
terial infections could exacerbate this pathway [33].
It has been reported that platelet adhesion was signifi-
cantly increased in CT-infected endothelial cells [34].
The decrease in maternal platelet count at the mater-
nal-placental interface in the first trimester is crucial
for normal placental development [35]. Meanwhile,
the mean values for platelet volume, platelet distribu-
tion width and red blood cell distribution width are
higher in women with first-trimester recurrent preg-
nancy loss than in healthy women [36]. The mean
platelet volume is also lower in PID patients compared
to healthy individuals [37]. This indicates the impor-
tance of platelet activation during pregnancy in pa-
tients with PID. On the other hand, CT is an obligate
intracellular bacterium [12]. Several cellular processes
associated with Chagas disease, including immune
responses, cellular signaling pathways, and inflam-
matory pathways, are also associated with PID [38§].
The JAK-STAT signaling pathway plays a crucial role
in the regulation of immune responses and inflam-
matory reactions [39]. NG has been shown to modu-
late the JAK-STAT signaling pathway, evading host
immune defenses and establishing infection [40].
The maternal JAK/STAT signaling pathway also
plays a role in pregnancy. In rats, the maternal JAK/
STAT signaling pathway is involved in the modulating
immunological response and the interaction between
the uterus and embryo during the implantation peri-
od [41]. Therefore, alteration of the JAK/STAT path-
way could impair embryo implantation and develop-
ment in women with PID. The eukaryotic translation
elongation pathway is involved in the elongation of the
growing polypeptide chain during the protein synthe-
sis process [42]. It is emphasized that bacterial infec-
tions control host translation and protein synthesis
to trigger immune responses and influence immunity-
related inflammation [43]. Translational changes are
also crucial for the development of oocytes and early
embryos [44]. Therefore, the eukaryotic translation
elongation pathway in PID might influence oocyte
and early embryo development, a topic that has not
been investigated yet.

Rapl signaling pathway, apoptosis, protein pro-
cessing in endoplasmic reticulum, progesterone-
mediated oocyte maturation, Chagas disease and
Epstein—Barr virus are significant pathways in GRN
of both infections. Repressor activator protein 1
(Rapl), as a small GTPase, is essential for structural
integrity and length of telomere. However, it also in-
duces the production of pro-inflammatory cytokines
via nuclear factor kappa B (NF-kB) signaling in cells,
such as macrophages [45]. A study conducted by Yin
Cai showed that the presence of Rapl was positively
associated with the advancement and progression
of the inflammatory disease [46]. Studies have shown
that different stages of CT infection regulate different
host cell signaling pathways, including Rapl, which
may play an important role in modulating infection
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with this microorganism and host cell survival [47].
CT impairs apoptosis in infected cells by blocking
the release of mitochondrial cytochrome C and sub-
sequently inhibiting the cell death caspase [47]. They
also inhibit host cell apoptosis through both host cell-
derived anti-apoptotic factors and the chlamydial
protease-like activity factor (CPAF). This strategy
maintains the intracellular environment for the per-
sistence and development of chronic infection, in-
cluding pelvic inflammatory disease [48].

The unfolded protein response (UPR) is triggered
by CT through chlamydial effector proteins (CT228
and Tarp (and T3SS effector-mediated activation
of MHC-II. This process of UPR contributes to the
replication and pathogenesis of this intracellular par-
asite. The purpose of the UPR is to establish the ini-
tial anti-apoptotic baseline state and restore cellular
homeostasis, ensuring successful development of the
infection [49]. Progesterone levels are elevated during
pregnancy and ensure the establishment development
and maintenance of a normal pregnancy by suppress-
ing various inflammatory pathways. Dysregulation
of progesterone, crucial for the development of the
mammary gland, ovarian and the function of uter-
ine leads to poor pregnancy outcomes. However,
progesterone enhances susceptibility to chlamydia
infections through immunosuppression in the uterus
and the vagina and proliferation of pathogens [50].
Epstein—Barr infection is possibly associated with
autoimmune ovarian insufficiency, as this virus pre-
vents the maturation of oocytes [51].

Conclusion

Our study identified crucial genes and molecu-
lar mechanisms involved in the pathogenesis of CT
and NG infections in PID. We used PPIN and GRN
to identify hubs and bottlenecks, includingRPL13,
EEF1G, JAK2, MYC, IL7R, CD74, IMPDH2, and
NFATS that are involved in the pathogenesis of PID.
The functional pathways regulated by critical genes
include the ribosome, hematopoietic cell lineage,
platelet activation, Chagas disease, JAK-STAT sign-
aling pathway, eukaryotic translation elongation,
disease, Rapl pathway, apoptosis, and protein pro-
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Figure 2. PPIN. A) The results of shared nodes with the highest degree and betweenness Centrality in PPIN
of CT (A) and NG (B). The nodes with big size and dark color have highest degree
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lllustration for the article “Deciphering crucial genes in pelvic inflammatory disease and their relationship with infertility
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Figure 3. The subnetwork obtained from the MCODE app with score >3 in PPIN CT (A) and NG (B)
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Figure 4. GRN. The results of shared nodes with the highest degree and betweenness Centrality in GRN
of CT (A), NG (B), and (C) share nodes between GRN of CT and NG infections. Nodes with bigger sizes
have the highest degree. The miRNAs, TFs, and genes are shown with yellow, pink, and yellow colors,
respectively



