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Abstract

Background: The regulation of gonadotropin synthesis and release by gonadotropinreleasing hormone (GnRH)
plays an essential role in the neuroendocrine control of reproduction. However, the mechanisms underlying
gonadotropin regulation by GnRH pulse frequency and amplitude are still ambiguous. This study aimed to explore
the molecular mechanisms and biological pathways associated with gonadotropin synthesis by GnRH pulse
frequencies and amplitudes.

Methods: Using GSE63251 datasets downloaded from the Gene Expression Omnibus (GEO), differentially expressed
genes (DEGs) were screened by comparing the RNA expression from the GnRH pulse group, the GnRH tonic group
and the control group. Pathway enrichment analyses of DEGs was performed, followed by protein-protein interaction
(PPI) network construction. Furthermore, sub-network modules were constructed by ClusterONE and GO function and
pathways analysed by DAVID. In addition, the relationship between the metabolic pathways and the GnRH pathway
was verified in vitro.

Results: In total, 531 common DEGs were identified in GnRH groups, including 290 up-regulated and 241 down-
regulated genes. DEGs predominantly enriched in 16 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways,
including 11 up-regulated pathways (signallingsignallingmetabolic pathways, signallingand GnRH signalling pathway)
and 5 down-regulated pathways (type Il diabetes mellitus). Moreover, FBJ osteosarcoma oncogene (FOS) and jun
proto-oncogene (JUN) had higher connectivity degrees in the PPI network. Three modules in the PPl were identified
with ClusterONE. The genes in module 1 were significantly enriched in five pathways, including signallingthe insulin
resistance and GnRH signalling pathway. The genes in modules 2 and 3 were mainly enriched in metabolic pathways
and steroid hormone biosynthesis, respectively. Finally, knockdown leptin receptor (LEPR) and insulin receptor (INSR)
reversed the GnRH-modulated metabolic related-gene expression.

Conclusions: The present study revealed the involvement of GnRH in the regulation of gonadotropin biosynthesis and
metabolism in the maintenance of reproduction, achieved by bioinformatics analyses. This, indicates that the GnRH
signalling pathway played a central linkings role in reproductive function and metabolic balance. In addition, the
present study identified the difference response between GnRH pulse and GnRH tone, indicated that abnormal GnRH
pulse and amplitude may cause disease, which may provide an improved understanding of the GnRH pathway and a
new insight for disease diagnosis and treatment.
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Background

The hypothalamic-pituitary-gonadal (HPG) axis governs
almost all mammalian reproduction events, from foetal
development, through puberty to sexual maturity [1].
Regulation of the reproductive system is initiated by an
array of external and internal inputs, such as photoperiod,
metabolic products and nutrients, growth factors, stress,
infection and inflammation, as well as many central and
peripheral growth factors and hormones. These inputs are
integrated in the brain and hypothalamus to regulate the
biosynthesis and secretion of gonadotropinreleasing hor-
mone GnRH [2]. GnRH, a hypothalamic decapeptide, is
well known to be4 a crucial factor in normal gonadal de-
velopment and function [3, 4]. Starting at the onset of pu-
berty, GnRH is released in pulses from axon terminals at
the median eminence into the hypothalamic-hypophyseal
portal system and then acts on gonadotrophins in the an-
terior pituitary gland, which express the GnRH receptor.
Upon receptor binding, GnRH signalling regulates both
the production and release of gonadotrophins, luteinizing
hormone (LH) and follicle-stimulating hormone (FSH),
which in turn act on their respective receptors in the go-
nads to stimulate steroid hormone release into the blood-
stream [5-7]. LH and FSH then act on the ovary and
testis to stimulate the production of gametes, and steroid
and peptide hormones [8]. These hormones positively and
negatively feedback at the hypothalamus and pituitary
level, thus regulating the reproductive hormone cascade
[8]. Therefore, understanding the molecular mechanisms
involved in the response of gonadotropins to GnRH may
help discover new therapeutic targets for reproductive
disorders and hormone-dependent malignancies.

GnRH is released intermittently pulses, and changes in
GnRH pulse frequencies and amplitudes have differential
effects on FSH and LH synthesis and release [9-11].
High GnRH pulse frequencies preferentially stimulate
LH synthesis and secretion, whereas FSH synthesis and
secretion are preferentially stimulated at lower frequen-
cies. Studies using rodent models have demonstrated
that FSHP gene expression is optimally stimulated by
GnRH pulses every 120 min, whereas LHf gene expres-
sion is higher at shorter pulse intervals, every 30 min
[10, 12]. The pulsatile manner by which GnRH is
released serves as a primary mechanism by which the
synthesis and secretion of FSH and LH from the gona-
dotropes are controlled. Changes in the pulse frequency
and amplitude of GnRH release result in differential
FSH and LH synthesis and secretion, contributing to
regulating the female menstrual cycle [9, 11]. However,
the mechanistic basis for the ability of gonadotropes to
distinguish pulse frequency and amplitude are still am-
biguous, and the majority of studies of GnRH signaling
are performed in static culture using tonic treatment of
GnRH. Therefore, a better understanding of the cellular

Page 2 of 12

decoding of the pulsatile GnRH signal is essential to elu-
cidate the mechanisms that lead to GnRH pulse fre-
quency dependent differential stimulation of synthesis
and secretion of FSH and LH.

The function of GnRH neurons is controlled and mod-
ulated by a wide range of neuronal systems within the
brain, which transmit feedback signals of sex steroids
and mediate the response to stress, metabolic status and
season [13-15]. Previous studies have recently provided
a better understanding of how GnRH synthesis and
secretion is controlled by modulatory neuronal systems
in the brain. To a large extent, this is due to the recogni-
tion of the roles played by kisspeptin and gonadotropin
inhibitory hormone (GnIH) [16]. A large number of
studies have documented that metabolic status, season,
and stress were able to modulate the function of GnRH
neurons [16], thereby affecting reproduction. However,
there is no evidence to indicate how GnRH neurons
modulate the metabolic status, season, and stress, or
how the GnRH signalling pathway interacts with other
related pathways. Therefore, an improved understanding
of the molecular mechanism of GnRH on metabolic sta-
tus is required to develop more specifically therapeutic
approaches for metabolic disease.

The availability of online databases and computer
algorithms makes it possible to investigate the complex
mechanisms of pathways. Recently, gene expression pro-
file data associated with the gonadotropin subunit genes
have been studied by many researchers. However, the
detailed mechanism, associated with the gonadotropin
response to GnRH, has not been studied further in a
bioinformatics framework. In the present study, the sig-
nalling mechanisms of gonadotropin responses to GnRH
were explored via a bioinformatics approach using the
microarray data GSE63251signalling.  Differentially
expressed genes (DEGs) were firstly identified between
cells with and without GnRH, followed by pathway en-
richment analysis and construction of protein—protein
interaction networks (PPI). Furthermore, the Gene
Ontology (GO) function and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment ana-
lyses of the most remarkable module were performed
using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) software. To our know-
ledge, this is the first report in which GnRH have been
studied in the context of network biology. In addition,
on the basis of networks, we proposed the hypothesis
that GnRH was able to modulate the metabolic state, via
the related membrane receptor, which was verified in
the current study. The findings of this study may provide
a systematic perspective to understand underlying mech-
anisms and a new insight of the GnRH role in
gonadotropin subunit gene transcriptions and metabolic
balance.
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Methods

Affymetrix microarray data

The microarray data of GSE63251, contributed by
Lawson et al. [17], were downloaded from the Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.-
nih.gov/geo/) database at the National Center for
Biotechnology Information (NCBI), which is currently
the largest fully public gene expression resource [18].
The microarray data GSE63251 contains 20 samples,
including two samples of un-stimulated, four samples
of tonic GnRH, and fourteen different GnRH dose
and pulse frequencies. Only six only samples of these
were analysed in the present study, including two
samples of un-stimulated, two samples of perfusion
tonic 100 nM GnRH and two samples of perfusion 8
pulses 100 nM GnRH based on the platform of
GPL81 [MG_U74Av2] Affymetrix Murine Genome
U74A Version 2 Array.

Data preprocessing and differential expression analysis
Background correction and quartile data normalization
was performed on the original array data [19]. The DEGs
(DEG1) of GnRH pulse and the DEGs (DEG2) of GnRH
tonic were respectively analysed with respect to the con-
trol group. Multiple testing was corrected using the
Benjamini-Hochberg [20] procedure to obtain the ad-
justed P-value. Fold changes (FCs) in the expression of
individual genes were calculated and DEGs with P < 0.05
and |log FC| >1 were considered to be significant. DEG1
and DEG2 were then combined and the pooled dataset
was referred to as the overlapping DEGs.

Functional and pathway enrichment analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGQG)
[21] knowledge database is a collection of online data-
bases dealing with genomes, enzymatic pathways, and
biological chemicals. The Database for Annotation,
Visualization and Integrated Discovery (DAVID) [22],
has been developed as a comprehensive set of functional
annotation tools for relating functional terms with gene
lists using a clustering algorithm. The Gene Ontology
database provides functional unification of large-scale
genomic or transcriptomic data, which mainly includes
three categories, including biological processes (BP), mo-
lecular functions (MF), and cellular components (CC).
KEGG pathways of the overlapping DEGs were analysed
with a criterion of P < 0.05 using DAVID 6.7.

PPl network construction and module selection

The Search Tool for the Retrieval of Interacting Genes
(STRING, version 9.1, http://www.string-db.org/) [23] is
a web resource and biological database that includes
comprehensively predicted and known interaction infor-
mation. In our study, the overlapping DEGs with a
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confidence score of >0.4 were selected to construct the
PPI network using Cytoscape software (version 3.0;
http://cytoscape.org/) [24]. Given that most of the net-
works were scale-free, the hub genes were then selected
with a connectivity degree of >10. Then, a biological net-
work was created between the GnRH signalling pathway
and other related pathways by hub genes. In addition,
based on the degree of connectivity, the enriched func-
tional modules of the PPI network were disclosed using
the ClusterONE Cytoscape plug-in [25, 26]. The signifi-
cance threshold was P<1 x 10~% Furthermore, the GO
and KEGG pathway enrichment analyses of the DEGs in
the significant modules were performed using DAVID to
analyse the gene function at the molecular level.

Cell culture

LPBT2 cells, a gift from Dr. Pamela Mellon (University of
California, San Diego) were maintained in high-glucose
DMEM (Mediatech, Inc), supplementedwith 10%foetal
bovine serum (FBS) (Gibico), 100 U of penicillin/mL,
and 100 pg of streptomycin sulphate/mL (Thermo Fisher
Scientific, Inc) in 5% CO2 humidified air at 37 °C [27].

Verifying the mechanisms of metabolic pathways in
response to GnRH in vitro

Mouse GnRH-10 was synthesized by Shanghai Apeptide
Co Ltd. The interferencethe vectors for LEPR and INSR
were constructed. The sequences that express short hair-
pin RNA (shRNA) targeted to gene mRNA sequences
were cloned in a p-SUPER vector (the Sigma-Aldrich)
(http://www.sigmaaldrich.com/china-mainland.html)
according to manufacturer’s instructions.

LBT-2 cells were cultured at a in a concentration of
1 x 10° viable cells/ml culture medium, in 12-well plates
at 37 °C and 5% CO,. After 24 h, the medium was
replaced with RPMI only, and then 1.5 pg of empty
pSUPER(with a negative control), LEPR-shRNA or
INSR-shRNA vectors were transfected using Lipofecta-
mine 2000. Approximately 8 h after transfection, the
cells were serum starved for 8 h and later stimulated
with GnRH for 24 h, and then total RNA was extracted
using TRIzol reagent.

Reverse transcription quantitative real-time PCR (RT-qPCR)

RNA was extracted using TRIzol reagent (TaKaRa), and
1 pg of total RNA was reverse transcribed into first-
strand ¢DNA with a mix of oligo-dT and random
primers using the Quantitect Reverse Transcription Kit
(TaKaRa). RT-qPCR was performed on an Applied
Biosystems 7500 Real-Time PCR System using SYBR
green. Standard curves, generated from at least three
dilution series of an abundant sample, were used for the
relative quantification of related genes and B-actin (the
same sample was used to generate standard curves for
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these genes). The expression levels of genes were normal-
ized by dividing by p-actin mRNA expression levels
(primers are shown in Table 1). Dissociation curve analysis
was also performed for each gene at the end of PCR. Each
amplicon generated a single peak. PCR cycling conditions
were as follows: initial denaturation and enzyme activation
at 95 °C for 30 s, followed by 40 cycles of denaturation at
95 °C for 5 s, and annealing at 60 °C for 30 s.

Statistical analysis

All statistical analysis was performed using Graphpad
Prism software. Data were analysed using unpaired
Student’s t-test or one-way ANOVA and Tukey’s post-
hoc test. Data are presented as means + SEM of at
least three independent experiments and P <0.05 was
considered statistically significant.

Results

Identification of DEGs

The neuropeptide hormone GnRH is a hypothalamic
peptide essential for normal mammalian reproductive
function. Gonadotropin synthesis and release is
dependent upon pulsatile stimulation by the hypothal-
amic neuropeptide GnRH. However, the role of GnRH
pulse frequency was not examined in depth. This study
investigated the gene profiles that responded to GnRH.
Using bioinformatics approaches, a total of 1177 DEGs
between perfusion tonic 100 nM GnRH and control
group with |logFC| > 1 and P<0.05 were identified,
including 507 up-regulated genes such as jun proto-
oncogene (JUN), and activating transcription factor 4
(ATF 4) and 670 down-regulated DEGs, such as insulin
receptor substrate 1 (IRS 1). In addition, a total of 403
up-regulated (such as activating transcription factor 3)
and 447 down-regulated (such as inositol 1,4,5-trisphos-
phate receptor 2) DEGs were identified between the
GnRH pulses group and control group. The schematic
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Venn diagram of differentially expressed genes is shown
in Fig. 1.

Pathway enrichment analysis

To gain further understanding of the potential functional
roles of the DEGs in GnRH treatment, this study per-
formed a KEGG pathways analysis and set P<0.05 as
the cut-off value. The results are shown in Table 2.
According to the results, up-regulated genes were pri-
marily enriched in pathways associated with MAPK sig-
nalling pathway, p53 signalling pathway, metabolic
pathways, adipocytokine signalling pathway and GnRH
signalling pathway (Table 2). Down-regulated genes were
primarily enriched in pathways associated with oocyte
meiosis, progesterone-mediated oocyte maturation and
type II diabetes mellitus (Table 2). However, the mecha-
nisms of how gonadotropes are affected by GnRH pulse
frequency and amplitude is not understood. Therefore,
this study was concerned with the differences in gene
expression in GnRH pulse and GnRH tonic, and mainly
focused on the changes that occurred inGnRH pulse, as
these were likely occurred in vivo. Then KEGG pathways
analysis showed that DEGs unique to the GnRH pulse
group were DEGs mainly enriched in dilated cardiomy-
opathy, hypertrophic cardiomyopathy, Alzheimer’s dis-
ease and porphyrin and chlorophyll metabolism, which
were associate with disease (Table 3).

PPI network construction and hub gene identification

Considering that proteins rarely function alone, it is
necessary to study the protein—protein interactions.
Therefore, protein-protein interactions were constructed
in the present study, which helped to understand func-
tions of proteins at the molecule level and explore cell
regulatory mechanisms. Based on the STRING database,
the PPI network of overlapping DEGs contained 334
nodes and 989 edges network were gained with the com-
bined score > 0.4 using Cytoscape (Fig. 2). Proteins with

Table 1 The sequences of primers for quantitative fluorescent RT-PCR

Genes Primers

Length of target fragment, bp

B-Actin

F: 5~ ACTCCTATGTGGGTGACGAGG-3' 137

R: 5-CACACGCAGCTCATTGTAGAAG-3'
NPY F:5'- CCAGACAGAGATATGGCAAG-3' 110
R:5"- CATGGAAGGGTCTTCAAGCC-3'

F:5"- TACGGGGTCATGCGTGTTAG-3' 125

F:5"- TGGTGGGACCATACACGGA-3' 113

PTPNT11

R:5"- GAAAGTGGTACTGCCAGACG-3'
GYS1

R:5"- TCAGCCAACGCCCAAAATAC-3"
PKLR

F:5'- GCCGCATCTACATTGACGAC-3' 127

R:5"- GCATTTGGCAAGTTCACACC-3'

F, Forward; R, reverse.
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Fig. 1 Schematic Venn diagram of differentially expressed genes. Schematic Venn diagram of differentially expressed genes between the GnRH group
and control group. a Up-regulated DEGs: blue and yellow represent DEGs in the pulse GnRH and tonic GnRH groups respectively, compared with
controls. b Down-regulated DEGs: green and red represent DEGs in the pulse GnRH and tonic GnRH groups, respectively, compared with controls

-

a very high degree of connectivity are commonly
called “hubs”, and they may play a central regulatory
role in the physiological process. Then, the hub genes
or proteins in the networks with a connectivity degree
of >10 were identified (Table 4, topl0). A total of 53
hub genes were selected from the PPI network, which
included FBJ osteosarcoma oncogene (FOS), jun
proto-oncogene (JUN), mitogen-activated protein kin-
ase 1 (MAPK 1), epidermal growth factor receptor

Table 2 The enriched KEGG pathway jof DEGs

(EGFR), and activating transcription factor 3 (ATF 3).
In addition, the result of pathway enrichment showed
that common DEGs were mainly enriched in seven-
teen pathways, but how these signalling pathways
interplay with the GnRH signalling pathway are still
ambiguous. Since hub genes play a crucial role in
many process, we proposed the hypothesis that these
signalling pathways interplayed with GnRH signalling
pathway mainly through hub genes. Based on this, we

Up-Regulated

D Term Counts P-value
Pulse Constant Pulse Constant

mmu04010 MAPK signalling pathway 25 34 3.03E-05 6.49E-09
mmu05412 Arrhythmogenic right ventricular cardiomyopathy (ARVC) 11 9 3.60E-04 0.011371
mmu04520 Adherens junction 11 11 4.01E-04 1.00E-03
mmu04115 p53 signalling pathway 10 10 8.34E-04 1.90E-03
mmu04510 Focal adhesion 17 15 0.002282 0.032455
mmu05200 Pathways in cancer 23 21 0.003327 0.04242
mmu01100 Metabolic pathways 83 111 0.015105 0.008450594
mmu04060 Cytokine-cytokine receptor interaction 19 1 0.033202668 0.048153254
mmu04920 Adipocytokine signalling pathway 7 8 0.034984 0.01939%
mmu05020 Prion diseases 5 6 0.037602 0.013348
mmu05416 Viral myocarditis 8 9 0.045733 0.038737
mmu04912 GnRH signalling pathway 11 11 0.046921 0.045341
mmu04012 ErbB signalling pathway 7 9 0.048712 0.025918
Down-Regulated

mmu00280 Valine, leucine and isoleucine degradation 8 0.004814562 6 0.049249252

mmu04114 Oocyte meiosis 13 0.006667 12 0.03641

mmu04914 Progesterone-mediated oocyte maturation 10 0.016259 10 0.031867499

mmu04930 Type Il diabetes mellitus 7 0.024595 8 0.012683147

Notes: Count: the number of DEGs
Abbreviations: DEGs differentially expressed genes
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Table 3 The enriched KEGG pathway of DEGs which exist in
pulse GnRH group while not exist in tonic GnRH group

D Term

Count P-value

mmu05410 Hypertrophic cardiomyopathy (HCM) 10 0.003372782
mmu05414  Dilated cardiomyopathy 10 0.00618965

mmu04670 Leukocyte transendothelial migration 9 0.049331716
mmu04640 Hematopoietic cell lineage 11 0.005141872
mmu05010  Alzheimer's disease 15 0.042214081
mmu00860 Porphyrin and chlorophyll 5 0.047944857

metabolism
mmu04020 Calcium signalling pathway 15 0.048934483

Notes: Count: the number of DEGs
Abbreviations: DEGs differentially expressed genes

created a biological network to analyse the interaction
between the signalling pathways through hub genes
using Cytoscape tool (Fig. 3). In fact, the biological
network showed that these signalling pathways were
directly or indirectly linked to each other through
hub genes; for example, GnRH signalling pathways
may regulate INS1 release and type II diabetes melli-
tus via the MKPA signalling pathway.
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Functional module analysis

In order to explore the functions of the networks mod-
ules, we implemented cluster analysis. As shown in Fig. 4,
a total of three significant modules with P<1 x 10 *were
identified using the ClusterONE plug-in of Cytoscape.
Module 1 had 99 nodes and 460 edges, module 2 had 24
nodes and 29 edges and module 3 had 20 nodes and 21
edges. KEGG enrichment in the sub-network is presented
in Table 5. The FoxO signalling pathway, MAPK signalling
pathway, insulin resistance and GnRH signalling pathway
were the predominant pathways enriched by the DEGs of
module 1. The pathways enriched in module 2 were the
glycolysis/gluconeogenesis, biosynthesis of antibiotics and
metabolic pathways. Module 3 was mainly enriched in
steroid hormone biosynthesis and ovarian steroidogenesis
pathways. GO enrichment analysis was also performed
and is presented in Fig. 5. The DEGs in module 1 were
significantly enriched in biological processes, such as the
regulation of transcription from RNA polymerase II pro-
moter, response to drugs. signallingDEGs in module 2
were mainly enriched in GO terms associated with re-
sponse to external stimuli, for example, regulation of elF2
alpha phosphorylation and negative regulation of

ST TEOSGIDSTRD2

nodes. DEG, differentially expressed gene

Fig. 2 Protein—protein interaction networks of differentially expressed genes (DEGs). The size of each node is proportional to the degree of

=
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Table 4 The hub proteins in protein—protein interaction
network (top 10)

D Degree D Degree
Fos 59 Mapk1 34
Jun 56 Mapk3 34
Myc 40 Atf3 29
Egfr 37 Egri 27
Cdknla 36 Junb 26

haemoglobin biosynthetic processes, while DEGs in mod-
ule 3 were mainly enriched in cell surface and protein
tyrosine phosphatase activity.

Verifying the mechanisms of metabolic pathways in
response to GnRH in vitro

To date, many studies have confirmed that metabolic
status, season, and stress were able to modulate the
function of GnRH neurons [13-15]. However, there was
no evidence that indicated how GnRH neurons modu-
late the metabolic status, season, and stress. Therefore,
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this study investigated that the regulatory function of
GnRH on metabolic status. It is known thatleptin, a
peptide hormone secreted by adipocytes, is encoded by
the “fat gene” [28] which can increase body energy ex-
penditure along with decreased energy intake by sup-
pressing appetite [29], thus playing a crucial role in
metabolism and body growth mediation. Based on this,
we investigated whether GnRH modulates the energy
expenditure and energy intake via LEPR, by knockdown
of LEPR expression. The results showed that the
GnRH-induced NPY (Fig. 6a) and PTPN11 (Fig. 6b)
expression was significantly suppressed when the ex-
pression of LEPR was interfered, genes which are
responsible for energy intake and reproduction,
respectively. In addition, the role of GnRH on the insu-
lin signalling pathway was also detected. Interfering
with LEPR facilitated the GnRH-suppressed GYSI
expression (Fig. 6c), which promoted glycogenesis.
Conversely, interfering with LEPR significantly
repressed GnRH-induced PKLR expression (Fig. 6d),
which promoted glycolysis.
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Fig. 3 Nodes linking the enriched KEGG pathway by hub genes. Hexagon represents each pathway. Round circle indicates hub genes. Pink
hexagons represent up-regulated signalling pathway, and green hexagons represent down-regulated signalling pathway
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edges/lines indicate interactions between these genes

Module 1

Fig. 4 The significant modules in protein-protein interaction network with ClusterONE (p<10E-5). The node stands for the protein (gene), The

Discussion

GnRH plays a central role in the control of normal
reproductive function by regulating the synthesis and
release of the gonadotropins LH and FSH [30-32]. The
knownlege of signalling mechanisms involved in gonado-
tropin synthesis have been expanding. However, the
mechanisms underlying gonadotropin regulation by
GnRH remained to be fully elucidated. Bioinformatics
tools have accelerated the progression of biomedical re-
search, with high-throughput screening being especially
useful. Such tools not only reduce the need for time-
consuming and labour-intensive bench-work, but also
provide critical directions and insights for advanced
studies [33]. In this study, we first systematically
explored the mechanisms of gonadotropin responding to
GnRH by bioinformatics. While standard pathway ana-
lysis investigates each pathway individually, biological
processes are not independent but rather interact with

and influence each other. Therefore, it is necessary to in-
vestigate the links between them as well as their shared
regulatory mechanisms. In our study, the mechanism
was analysed by bioinformatics, including DEG screen-
ing, PPI network construction, and module analysis of
the PPI network. Based on these results, a workflow was
described for further exploring the interplay between
pathways involved in the gonadotropin regulatory mech-
anisms, through the construction of a biological network
and extending the GnRH signalling pathway with add-
itional knowledge involved in other physiological
processes.

In the present study, the results of the GO and KEGG
pathway enrichment analyses revealed the primary
biological processes in which the DEGs were involved,
including focal adhesion, type II diabetes mellitus, glyco-
gen Dbiosynthesis and metabolism, progesterone-
mediated oocyte maturation. Furthermore, other
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Table 5 Enriched pathways of DEGs in sub-network

Category Term Count P-value
Module 1
KEGG_PATHWAY FoxO signalling pathway 12 2.21E-08
KEGG_PATHWAY MAPK signalling pathway 15 3.56E-08
KEGG_PATHWAY GnRH signalling pathway 6 0.04375722
KEGG_PATHWAY Estrogen signalling pathway 5 0.046988099
KEGG_PATHWAY Insulin resistance 5 0.045070173
Module 2
KEGG_PATHWAY Homologous recombination 3 0.001471
KEGG_PATHWAY DNA replication 3 0.00239
KEGG_PATHWAY Glycolysis / Gluconeogenesis 3 0.00723
KEGG_PATHWAY Biosynthesis of antibiotics 4 0.007747
KEGG_PATHWAY Metabolic pathways 7 0.023793
Module 3
KEGG_PATHWAY Steroid hormone biosynthesis 2 0.069411
KEGG_PATHWAY Ovarian steroidogenesis 2 0.073434

Count, numbers of DEGs; GO gen ontology, KEGG Kyoto Encyclopedia of Genes and Genomes

~ 0.06
Il Gene Counts

I P-Value

I~ 0.05

- 0.04

- 0.03

P-Value

- 0.02

Gene Counts

- 0.01

Module 1 Module 2 Module 3

Fig. 5 The Gene Ontology (GO) functional of the significant module. The left ordinate of histogram represents the gene counts, and right
ordinate of histogram represents the P-value. BP, biological process; CC, cellular component; MF, molecule function
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pathways associated with GnRH regulation were acti-
vated simultaneously followed by treatment with GnRH,
such as MAPK signalling pathway, cytokine-cytokine
receptor interaction, and most importantly, the GnRH
signalling pathway [34]. Based on the results, it was
revealed that the GnRH signalling pathway interplayed
with other signalling pathways to co-regulate the repro-
ductive function and other biological process.

Metabolic dysfunctions are often linked to reproduct-
ive abnormalities [35]. Obesity and conditions with
hyperinsulinemia such as type 2 diabetes mellitus, meta-
bolic syndrome, and polycystic ovary syndrome (PCOS)
are often accompanied by infertility in females [36]. In-
sulin, like LH, is a gonadotropin, which increases ste-
roidogenesis and altered follicular maturation in animal
models [37]. In addition to insulin, leptin also served as
a critical factor in the process of fat cell metabolism,
which can convey information about nutritional state to
the reproductive axis [35]. In a normal metabolic state,
leptin increases GnRH activity/secretion (indirectly via
afferent forebrain interneurons) [38] and enhances
reproductive function in females [39]. In cases of meta-
bolic dysfunction, like obesity, leptin resistance can

occur [40] eliminating a positive signal to the reproduct-
ive axis. However, there was previously no evidence to
indicate how GnRH neurons modulate the metabolic
status. Based on this, we proposed the hypothesis that
GnRH may modulate the metabolic status through regu-
lating expression of the related genes, such as the mem-
brane receptor LEPR and INSR. In fact, the current
results showed that interfering with LEPR significantly
suppressed GnRH-induced NPY and PTPNI11 expres-
sion, which are responsible for energy intake and
reproduction, respectively. Similarly, Interfering with
LEPR facilitated the GnRH-suppressed GYS1 expression,
which promoted the glycogenesis. Conversely, interfer-
ing with LEPR significant repressed GnRH-induced
PKLR expression, which promoted glycolysis. These
results provide a better understanding of the regulation
of GnRH on energy intake and expenditure at the
molecular level, which constitute useful insights into the
relationship between reproduction and metabolic status.

Previous studies have demonstrated that different fre-
quencies of pulsatile GnRH result in altered secretion
patterns of FSH and LH. Increasing frequencies results
in preferential secretion of LH, whereas decreasing
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frequencies leads to greater FSH secretion. Because FSH
and LH synthesis and secretion are both modulated by
GnRH through the same G protein-coupled GnRH re-
ceptor, one possible mechanism is that distinct signalling
pathways are activated, depending on GnRH pulse fre-
quency, leading to the differential regulation of FSH and
LH production [41, 42]. However, it remains unknown
how gonadotropes decode the pulsatile GnRH signal to
preferentially synthesize FSH or LH. In the present
study, the difference between GnRH pulse and GnRH
tone were also analysed. As expected, GO analysis and
KEGG pathway enrichment analysis revealed that GnRH
pulse treatment activated the unique pathways. These
pathways are involved in hypertrophic cardiomyopathy,
dilated cardiomyopathy, alzheimer’s disease, as well as
the calcium signalling pathway. These results further in-
dicated that abnormal GnRH pulse and amplitude may
cause disease, which may provide an improved under-
standing of the GnRH pathway and a new insight for
disease diagnosis and treatment.

However, there are some limitations in our study. First,
the small amounts of data used in the current study
were downloaded from the GEO database, not generated
by us. Because GEO is a huge data repository, a meta-
analysis of the relevant molecular mechanism of GnRH
may be performed in future studies. Second, the results
were web-based and were not all verified by biological
experiments. Thus, further experimental studies based
on our findings are still needed.

Conclusions

In summary, with this study, for the first time, we char-
acterized GnRH to prove an insight into their role in
gonadotropin regulation and metabolic balance using
PPI networks and GO and KEGG enrichment analysis,
which might provide comprehensive bioinformatics ana-
lysis of the mechanisms of GnRH. These results indi-
cated that the GnRH signalling pathway interplayed with
other signalling pathways to co-regulate the reproductive
function and other biological process. In addition, the
difference between GnRH pulse and GnRH tone
revealed that abnormal GnRH pulse and amplitude may
cause disease, which may provide an improved under-
standing of the GnRH pathway and a new insight for
disease diagnosis and treatment. However, further
experimentation and additional studies are needed to
validate these results.
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