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Abstract. Asthenozoospermia, a male fertility disorder, has a
complex and multifactorial etiology. Moreover, the effective-
ness of different treatments for asthenozoospermia remains
uncertain. Hence, by using bioinformatics techniques, the
present study aimed to determine the underlying genetic
markers and pathogenetic mechanisms associated with
asthenozoospermia due to abnormal spermatogenesis and
inflammation of the reproductive tract. GSE160749 dataset
was downloaded from the Gene Expression Omnibus data-
base, and the data were filtered to obtain 1336 differentially
expressed genes (DEGs) associated with asthenozoospermia.
These DEGs were intersected with the epithelial mesenchymal
transition datasets to yield 61 candidate DEGs. Gene Ontology
and Kyoto Encyclopedia of Genes and Genomes pathway
enrichment analyses were performed, and the results revealed
that these candidate DEGs were significantly enriched
in the enzyme-linked receptor pathway and the thyroid
hormone pathway. A protein-protein interaction network was
constructed to identify the key genes of asthenozoospermia.
A total of five key genes were identified, among which SOX9
was significantly upregulated, while HSPA4, SMAD2, HIFIA
and GSK3B were significantly downregulated. These findings
were validated by conducting reverse transcription-quan-
titative PCR for clinical semen samples. To determine the
underlying molecular mechanisms, a regulatory network of
transcription factors and miRNA-mRNA interactions was
predicted. The expression levels of HSPA4, SMAD2 and
GSK3B were positively associated with several related etio-
logical genes of asthenozoospermia. In total, five key genes
were closely associated with the level and type of immune
cells; higher levels of activated B cells and CDS8 T cells were
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observed in asthenozoospermia. Thus, the findings of the
present study may provide clues to determine the underlying
novel diagnostic genetic markers and treatment strategies for
asthenozoospermia.

Introduction

Male infertility is a complex reproductive disorder caused
by hereditary, physiological, pathological and environmental
factors. According to a 2018 estimate, male infertility affects
8-12% of couples globally, with the male factor dominating
in ~50% of the cases (1). Semen analysis is the key method
to diagnose male infertility. The 6th edition of the World
Health Organization (WHO) laboratory manual for examining
and processing human semen has recently updated the sperm
vitality criterion during semen analysis. Sperm vitality is
estimated by assessing the membrane integrity of the cells,
and it should be tested examined sperm motility is <40%. The
reasons for decreased sperm vitality include structural defects
in the sperm flagellum, epididymal defects and immunological
reactions due to infection (2).

Asthenozoospermia is one of the most common types
of male infertility (1), and it is characterized by low sperm
motility. A retrospective study conducted in 2018 on
117,979 male semen samples collected from 1989 to 1993
revealed that the incidence of male infertility was 45%,
which included asthenozoospermia (11%), oligozoospermia
(22%) and azoospermia (12%) as the main causes (3).
Asthenozoospermia can also coexist with oligozoospermia
and teratozoospermia. In a multicenter study in 2001 (4), the
incidence of asthenozoospermia, oligozoospermia or asthe-
noteratozoospermia, and oligoasthenoteratozoospermia was
2-to 3-fold, 5- to 7-fold, and 16-fold higher, respectively, in the
infertile group compared with the normal group.

Several pathogenic factors can influence the development
of asthenozoospermia, such as increased scrotal temperature
due to varicocele and renal and adrenal metabolite reflux,
which can effectively induce apoptosis of genital cells
through enhanced oxidative stress. An imbalance in the
levels of reactive oxygen species (ROS) and antioxidants can
induce anomalous changes in sperm morphology and vitality
through fatty acid oxidation of the sperm cell membrane (5).
The presence of cysts in the reproductive tract (for example,
in the ejaculatory duct and seminal vesicles) can lead to low
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semen volume and asthenozoospermia due to compression or
blockage of the ejaculatory duct (6).

Numerous factors, including immunological, genetic,
microbial, physiological and environmental factors, affect
sperm health. An imbalance or damage to the immune system
in humans can cause sperm antigens to stimulate the produc-
tion of anti-sperm antibodies, resulting in sperm agglutination
and asthenozoospermia (7). Genetic mutations can cause
structural and functional changes in microtubules of the sperm
flagella, resulting in multiple morphological abnormalities of
the sperm flagella and cilia and leading to primary ciliary
dyskinesia (8). Escherichia coli, Chlamydia trachomatis and
Ureaplasma urealyticum can infect the reproductive system,
particularly the accessory gonads, causing inflammation and
leukocytosis in the reproductive system. Furthermore, the
abundant content of peroxidase in the cytoplasm of leukocytes
accelerates ROS production and enhances oxidative stress
reactions. These microbial and biochemical effects can damage
sperm quality, sperm integrity, and the secretory function of
accessory gonadal structures, resulting in a decline in sperm
viability (9). The decline in semen volume, sperm concentra-
tion and viability, and normal sperm rate is also associated
with long-term exposure to polluted air (10). Environmental
exposure to heavy metals (such as Pb and Cd) and plasticizers
(such as phthalate) can induce DNA damage. Moreover, exces-
sive use of synthetic rubber or polyester can cause a high
environmental concentration of bisphenol A, which damages
the integrity of sperm DNA. Tobacco metabolites (including
nicotine, Cd and benzopyrene) can damage sperm DNA, while
alcohol can accelerate the apoptosis of sperm cells (11-13).

Although the effects of physiological and pathological
changes, environmental conditions, lifestyle and other
exposure factors on male fertility have been progressively
confirmed by numerous studies, asthenozoospermia remains
a poorly understood disorder because of its complex patho-
genetic mechanism and ambiguous treatment effects. Hence,
the investigation of sperm quality is critical to improve male
fertility. Bioinformatics combines molecular biology tech-
niques and information technology to study the molecular
mechanisms of diseases. In the present study, bioinformatics
techniques were utilized to elucidate the underlying genetic
markers and pathogenetic mechanisms associated with
asthenozoospermia. Differentially expressed genes (DEGs)
were obtained using the GSE160749 dataset, a newly updated
sperm transcriptome profile of infertile men, from the Gene
Expression Omnibus (GEO) database (last updated: November
05, 2021). Furthermore, epithelial-mesenchymal transition
(EMT) is known to influence embryo and organ development,
inflammatory injury and organ repair. Therefore, the obtained
DEGs were intersected with EMT datasets to filter candidate
DEGs of asthenozoospermia. Subsequently, bioinformatics
techniques were used to analyze the key genes, pathways,
transcription regulation, immune regulation and other factors
involved in asthenozoospermia. These results could enable
providing novel clues to treat asthenozoospermia.

Materials and methods

Dataset selection and analysis of DEGs. The GSE160749
dataset (GPL17692, [HuGene-2_1-st] Affymetrix Human

Gene 2.1 ST Array [transcript (gene) version]) was down-
loaded from the GEO database. A total of six fertile control
sample files and five asthenozoospermia sample files were
selected from this dataset (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE160749). The EMT datasets
(1184 EMT-related genes) were downloaded from the dbEMT?2
database (http://www.dbemt.bioinfo-minzhao.org/dbemt2.
txt). DEGs from the GSE160749 dataset were filtered using
the limma package (v3.42.2) (14) in R software (v3.6;
https://cran.r-project.org/bin/windows/base/old/3.6.0/) based
on the following preset thresholds: llog Fold Changel >1.0 and
P<0.05. Venn analysis was used to filter the candidate DEGs
that intersected with the EMT datasets. The study design and
data processing are demonstrated in Fig. 1.

Functional enrichment analyses of the candidate DEGs. To
investigate the biological functions and pathways of the candi-
date DEGs, Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analyses
were performed using the clusterProfiler package (v4.1.4) in
R software (15) (P<0.05). The Metascape database (www.
metascape.org) was also used to analyze the candidate DEGs.
The preset thresholds of functional enrichment were min
overlap =3 and P<0.01.

Construction of the protein-protein interaction (PPI) network.
A PPI network was constructed by using the STRING database
(https://www.string-db.org/) to determine the correlations
among the candidate DEGs. To identify the key genes in
asthenozoospermia, the candidate DEGs were filtered based
on the constructed PPI network by using the Mcode function
of Cytoscape software (v3.7; https://cytoscape.org/). The confi-
dence level was set at 0.5.

Key gene pathway enrichment analysis. By using predefined
gene sets, gene set enrichment analysis (GSEA) ranks genes
according to their expression patterns in two groups and then
checks whether the predefined gene set is overrepresented at
the top or bottom of the gene rankings. In the present study,
the GSEA database (https://www.gsea-msigdb.org/) was used
to find the enriched key gene pathways in asthenozoospermia,
and the molecular mechanisms of the key genes were deter-
mined. To compare the variations in the enriched KEGG
pathways between the control and asthenozoospermia groups,
the number of permutations was preset to 1,000, and type was
the inputted phenotype.

Transcription factor motif enrichment based on key genes.
RcisTarget package (v1.6.0) in R software was utilized (16),
to analyze transcription factors (TFs). DNA motifs with
significant over-representation in the transcription start site
of the genes in the gene set were selected using a database
containing genome-wide cross-species rankings for each
motif. The selected motifs were then annotated to TFs, and
those with a high normalized enrichment score (NES) were
retained. Briefly, the area under the curve (AUC) of the
motif-motif set pair was computed to estimate the overexpres-
sion of each motif in the gene set. This was calculated from
the recovery curves of the gene sets used for the ordering of
motifs. The NES for each motif was estimated from the AUC
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distribution of all motifs in the gene set. In the present study,
the 4.6-kb motif (rcistarget.hgl9.motifdb.cisbpont.500bp)

was used, which is applied to human TFs in the gene-motif
ranking database.
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miRNA-mRNA network construction based on key genes.
To analyze the asthenozoospermia regulatory mechanisms,
the miRWalk database (http://129.206.7.150/) was advised
to extract miRNA-mRNA pairs. The obtained results were
then entered in the TargetScan (https:/www.targetscan.
org/) or miRDB database (http://www.mirdb.org/). The
miRNA-mRNA network was constructed using Cytoscape
software (v3.7).

Correlations between key genes and related etiological genes.
Related etiological genes (relevance score: top 20) of asthe-
nozoospermia were obtained from the GeneCards database
(https://www.genecards.org/). Pearson's correlation analysis
was performed to determine the correlations between the key
genes and the related etiological genes.

Correlations between key genes and immune cells. The
ssGSEA package in R software was used to analyze the
proportion and type of immune cells in the semen based on six
fertile control sample files and five asthenozoospermia sample
files in the GSE160749 dataset. Pearson's correlation analysis
was used to analyze the correlations among the key genes and
multiple immune cells.

Clinical semen sample collection and validation by
reverse-transcription quantitative PCR (RT-qPCR). The
present study was approved (approval no. chrec-2018-6) by the
Ethics Committee of the Chinese Naval Medical University
(Shanghai, China) and was performed in accordance with the
principles of the Declaration of Helsinki as revised in 2013.
Informed consent was obtained from all participants before
sample collection. All patients were Han Chinese with no
genetic association. Patients without diseases of the repro-
ductive system (e.g., tumor, inflammation, and varicocele)
were included in the healthy control group. Semen samples
were collected from 8 healthy individuals and 8 asthenozoo-
spermia patients diagnosed in The First Affiliated Hospital of
Naval Medical University (Shanghai, China) in April 2023.
Clinicopathological parameters including age distribution
are presented in Table II. The samples were obtained through
masturbation after 2 to 7 days of abstinence. The samples were
processed according to the guidelines of the WHO Laboratory
Manual on Human Semen Examination and Processing (6th
Edition 2021), and the 5th percentile of the semen param-
eter values was chosen as the lower reference limit (2). The
following parameters were considered for asthenozoospermia
semen samples: Samples collected at =2 different time points
and sperm progressive motility (PR) <30%. The following
parameters were considered for normal semen samples: Semen
volume >1.4 ml, sperm concentration =16x10%ml, pH>7.2,
PR=0%, and PR + non-progressive motility (NP) =42%.

In the validation test, by using phosphate buffered saline
and somatic cell lysis buffer successively, seminal plasma was
removed and somatic cells from the semen and extracted pure
sperm cells from the samples (17). Subsequently, TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was
selected to extract RNA from sperm cells. A commercial kit
(cat. no. AG11706; Hunan Accurate Bio-Medical Co., Ltd.)
was used for the reverse transcription of RNA into cDNA
according to the manufacturer's instructions. The SYBR qPCR

Table I. Primers used in reverse transcription-quantitative
PCR.

No. Gene name Primer sequence (5'—3")

1 SOX9 F: AAGCTCTGGAGACTTCTGAACG
R: CTGCCCGTTCTTCACCGACT

2 HSPA4 F: GTGGACCTGCCAATCGAGAA
R: CCTCCACTGCGTTCTTAGCA

3 SMAD?2 F: TGGGGACTGAGTACACCAAA
R: GGGATACCTGGAGACGACCA

4 HIF1A F: TTTGGCAGCAACGACACAGA
R: TTTCAGCGGTGGGTAATGGA

5 GSK3B F: TGTGTGTTGGCTGAGCTGTT

R: TCCCTTGTTGGAGTTCCCAG

F, forward; R, reverse.

mix kit (cat. no. AG11702; Hunan Accurate Bio-Medical Co.,
Ltd.) was used for RT-qPCR with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a reference gene. The primers
(Sangon Biotech Co., Ltd.) for five target genes are listed in
Table I. A total of 20 pl reaction mixture volume was used for
RT-qPCR performed with the ABI PRISM 7500 Real-Time
PCR System (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The qPCR conditions were as follows: Stage 1, initial
denaturation at 95°C for 2 min; Stage 2, 40 cycles of dena-
turation at 95°C for 30 sec, annealing at 60°C for 30 sec, and
elongation at 72°C for 30 sec. All samples were normalized
according to GAPDH expression, and the relative expression
of these genes was quantified using the 2244 method (18).

Statistical analysis. All the experimental data were recorded
in Excel 2007 (Microsoft Corp.). SPSS version 28.0 (IBM
Corp.) was used to compare the data between the semen
parameters of the normal and asthenozoospermia groups.
All measurement data are presented as the mean + standard
deviation which represent the average level and dispersion
tendency. The unpaired t-test was performed for comparison
between measurement data from clinical semen sample
parameter detection and RT-qPCR validation in the normal
and asthenozoospermia groups. The DEGs were determined
using the Benjamini-Hochberg method. The Pearson's method
was performed to analyze the correlation between the expres-
sion levels of five key genes and the top 20 related etiological
genes in asthenozoospermia. The Wilcoxon rank-sum test
and Pearson's method were used to analyze the differential
expression levels and correlations of immune cells in six
fertile control sample files and five asthenozoospermia sample
files from the GSE160749 dataset. For all results, P<0.05 was
considered to indicate a statistically significant difference.

Results

Filtered DEGs. A total of 1,336 DEGs were successfully
filtered from the GSE160749 dataset (Fig. 2A and B); these
DEGs comprised 467 upregulated genes (Table SI) and 869
downregulated genes (Table SII). In total, 61 candidate DEGs
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Table II. Age and semen parameters in normal and asthenozoospermia groups.

No. Parameters Normal (n=8) Asthenozoospermia (n=8) P-value
1 Age 31.75+£3.45 33.88+3.83 0.390
2 Semen volume (ml) 4.39+1.52 3.31+1.68 0.220
3 pH 7.20 7.20 NA

4 Sperm concentration (x10%ml) 78.24+35.42 19.32+16.12 0.005
5 Progressive motility (%) 70.38+5.93 4.75+4.56 <0.001
6 Motility (%) 75.88+4.52 11.00+9.35 <0.001

The unpaired t-test was used to compare the parameters between the normal and asthenozoospermia groups.
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Figure 2. Filtered DEGs from the GSE160749 and EMT datasets. (A) Volcano plot of 1,336 DEGs in six fertile control samples and five asthenozoospermia
samples of the GSE160749 dataset. The red points represent upregulated DEGs, the blue points represent downregulated DEGs, and the gray points represent
no significant DEGs. X-axis represents fold change, and the farther point from the center with the greater significant difference; Y-axis represents -log10
(P-value) results, and the closer point to the top with the greater significant difference. (B) Heatmap of 1,336 DEGs in six fertile control samples and five
asthenozoospermia samples of the GSE160749 dataset. The X-axis represents the samples and the Y-axis represents the genes. The red and blue rectangles
respectively represent upregulated and downregulated genes. The deeper red colors indicate the higher expression of genes, the deeper blue colors indicate
the lower expression of genes. The black connecting lines indicate the clustering relation among the genes. (C) Venn analysis of the upregulated (red) and
downregulated (blue) DEGs intersected with the EMT datasets (gray). DEGs, differentially expressed genes; EMT, epithelial-mesenchymal transition.

that intersected with the EMT datasets were filtered for
analysis, which included 12 upregulated genes and 49 down-
regulated genes (Fig. 2C).

Functional enrichment of the candidate DEGs. GO and KEGG
pathway enrichment analyses were conducted to determine
functional enrichment of the 61 candidate DEGs (Fig. 3A and B).
In the biological processes' category, the 61 DEGs were signifi-
cantly enriched in the regulation of binding. In the cellular
components' category, the DEGs were significantly enriched

in the TF complex. In the molecular functions' category, the
DEGs were significantly enriched in SMAD binding and
hormone receptor binding. Additionally, the pathways that were
significantly enriched in the 61 DEGs were the thyroid hormone
signaling pathway, TGF-f} signaling pathway and Th17 cell
differentiation pathway. The Metascape database was also used
to determine pathway enrichment of the 61 DEGs. The results
demonstrated that the pathways were mainly enriched in the
enzyme-linked receptor protein signaling pathway and RNA
polymerase II-specific DNA binding TF binding (Fig. 3C).
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Figure 3. Enrichment analysis of the 61 candidates DEGs. (A) GO annotation

s of the 61 candidate DEGs. The X-axis represents the count of enrichment genes.

(B) KEGG pathway enrichment analysis of the 61 candidate DEGs. The X-axis represents the count of enrichment genes. (C) Metascape database pathway

enrichment analysis of the 61 candidate DEGs. The X-axis represents -logl0

(P-value) results; the greater result indicates that the pathway is more significant.

DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; CC, cellular compo-

nent; MF, molecular function.

Construction of the PPI network. To conduct in-depth
analysis of the relationship among the 61 candidate DEGs,
a PPI network was constructed that included 40 nodes and
80 edges (Fig. 4). It is necessary to explain that each node
represents a protein and each edge represents a link with two
proteins, indicating functional association between proteins.
The gene cluster with the highest score was identified from
the PPI network by using the MCODE function. The gene

cluster included HSPA4, SOX9, SMAD2, HIFIA and GSK3B
(score=5.00), there was five nodes and 10 edges. SOX9 was
upregulated, while HSPA4, SMAD2, HIFIA and GSK3B were
downregulated in asthenozoospermia.

Validation of clinical semen samples by RT-gPCR. The age
and semen parameters in the normal and asthenozoospermia
groups are listed in Table II. The RT-qPCR results revealed that
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Table III. Normalized enrichment score of the top 3 motifs enrichment.

NES Area under Annotation Enriched
No. Motif score the curve TF_highconf information genes
1 cisbp_M6373  6.92 0.648 NFYC (direct Annotation) ~ *| A 1 GSK3B, HIFIA,
f10 T SMAD2, SOX9
‘?Ao CAC"E
2 cisbp_M6537 691 0.647 YBXI (direct Annotation) > GSK3B, HIFIA,
a0 SMAD2, SOX9
AlTece
3 cisbp_M2301 6.78 0.636 NFYB (direct Annotation) GSK3B, HIF1A,

SMAD2, SOX9

Table I'V. Co-regulators of the five key genes in the miRNA-mRNA network.

No. Genes miRNAs

1 HSPA4, SMAD2 and GSK3B hsa-miR-8085, hsa-miR-6788-5p

2 SOX9, GSK3B hsa-miR-4306

3 SOX9, SMAD2 hsa-miR-8485, hsa-miR-5195-3p

4 HSPA4, SMAD2 hsa-miR-30c-2-3p

5 HIF1A, SMAD2 hsa-miR-3121-3p, hsa-miR-6807-5p

6 GSK3B, SMAD2 hsa-miR-3190-3p, hsa-miR-4728-5p, hsa-miR-30c-1-3p, hsa-miR-6881-3p,

hsa-miR-5002-5p, hsa-miR-4768-5p, hsa-miR-6731-5p, hsa-miR-6733-5p,
hsa-miR-6833-3p, hsa-miR-641, hsa-miR-5584-5p, hsa-miR-6513-3p,
hsa-miR-6766-3p

miRNA, microRNA; hsa, Homo sapiens.

the expression levels of HIFIA, HSPA4, SMAD?2 and GSK3B
(Fig. 5A-D, respectively) were lower in the asthenozoospermia
group than in the normal group; however, SOX9 (Fig. SE) expres-
sion was significantly higher in the asthenozoospermia group.
The validation results of the 16 clinical semen samples were
consistent with those of the bioinformatics analysis for down-
regulated and upregulated genes. The Cq values for RT-qPCR
validation for clinical semen samples are included in Table SIII.

Key gene pathway enrichment. Pathway enrichment analysis
was performed using GSEA on five key genes of asthenozoo-
spermia. HIFIA was enriched mainly in the adipocytokine
cytokine signaling pathway, JAK-STAT signaling pathway and
retinol metabolism (Fig. 6A). HSPA4 was enriched mainly in
aminoacyl tRNA biosynthesis and the tricarboxylic acid (TCA)
cycle (Fig. 6B). SMAD2 was enriched mainly in a-linolenic acid
metabolism, glycosylphosphatidylinositol GPI anchor biosyn-
thesis and the renin-angiotensin system (Fig. 6C). GSK3B was
enriched mainly in a-linolenic acid metabolism, the cell cycle
and the renin-angiotensin system (Fig. 6D). SOX9 was enriched
mainly in ABC transporters, a-linolenic acid metabolism, and
glycine serine and threonine metabolism (Fig. 6E).

TF motif enrichment for key genes. A total of five key genes
were selected from the gene set to analyze their regulation
mechanisms. These genes were regulated by multiple TFs.
Therefore, cumulative recovery curves were used to enrich
these TFs (Fig. 7). The analysis demonstrated that the motif
with the highest NES value (6.92) was cisbp_M6373. In total,
four genes, namely GSK3B, HIFIA, SMAD?2 and SOX9, were
enriched in this motif. TFs of the key genes were identified in
all enriched motifs (Tables III and SIV).

miRNA-mRNA network construction for key genes. Several
miRNA-mRNA pairs were associated with the mRNAs of the
five key genes. A total of 384 miRNA-mRNA pairs (Table SV)
were retained from the TargetScan and miRDB databases,
including five mRNAs and 361 miRNAs. In this network,
21 miRNAs acted as coregulators among the five key genes
(Table IV).

Correlations between key genes and related etiological genes.
A correlation analysis was performed between the expression
levels of five key genes and the top 20 related etiological genes
in asthenozoospermia. HSPA4, SMAD2 and GSK3B revealed
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a positive correlation with multiple related etiological genes,
including SMAD2 and GALNTLS5 (r=0.937, P<0.001) and
GSK3Band ARMC2 (r=0.928,P<0.001) (Fig. 8 and Table SVI).

Correlations between key genes and immune cells. The
correlations of immune cells in six fertile control sample files
and five asthenozoospermia sample files from the GSE160749
dataset were analyzed (Fig. 9A). Higher levels of activated
B cells and activated CD8 T cells were observed in the five
asthenozoospermia samples than in the six control samples
(Fig. 9B). Correlations among the expression levels of the five
key genes and multiple immune cells were also analyzed in
11 semen samples from the GSE160749 dataset. The expres-
sion levels of HSPA4, SMAD2 and GSK3B were positively
correlated with activated CD4 T cells and effector memory

CD4 T cells but negatively correlated with activated B cells
and type 17 T helper cells. The HIFIA expression level was
positively correlated with numerous immune cells, such as
activated CD4 T cells, central memory CD4 T cells, central
memory CD8 T cells and natural killer (NK) cells. The expres-
sion level of SOX9 was positively correlated with CD56 (bright
or dim) NK cells (Fig. 9C).

Discussion

Asthenozoospermia is mainly characterized by poor sperm
motility in clinical examination, and it is generally caused by
defects in the function or structure of sperms and abnormal
spermatoplasm (19). Studies investigating the molecular
mechanisms of asthenozoospermia may help discover more
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novel effective treatments for male infertility. Abnormal sper-
matogenesis and reproductive tract infections are the main
causative factors of asthenozoospermia. The critical roles
of EMT in embryo and organ development, inflammatory
injury, and organ repair have received widespread attention.
Cunha et al (20) reported the presence of an androgen-receptor
(AR)-positive testicular medulla in the developing human
testis; this medulla acted as a zone of mesenchymal to
epithelial transition and a zone from which AR-positive cells
appeared to migrate into the human testicular cortex. The
human testicular medulla is a known source of Sertoli cells

in seminiferous cords. Klein et al (21) noted that dexametha-
sone therapy improved the outcomes of mice with preclinical
uropathogenic E. coli-induced epididymitis and found that
EMT was involved in the interstitial fibrosis transformation
process of this epididymitis. Therefore, in the present study,
the dbEMT?2 database was selected to explore the pathogenic
genes related to asthenozoospermia. The GSE160749 dataset
from the GEO database is a recently updated sperm transcrip-
tome profile of samples from infertile men, and it includes
five asthenozoospermia files, seven asthenoteratozoospermia
files, six infertile files and six fertile control sample files. A
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PubMed search revealed that a limited number of relevant
studies have contributed to this dataset (22). Therefore, in
the present study, five asthenozoospermia files and six fertile
control sample files were selected as a dataset to analyze
novel key genes in asthenozoospermia. Subsequently, by
using bioinformatics techniques, 1,336 DEGs associated with
asthenozoospermia were identified, including 467 upregu-
lated genes and 869 downregulated genes. Furthermore, 61
EMT-related genes were identified among these 1,336 DEGs,
which included 12 upregulated genes and 49 downregulated

genes. The STRING database was utilized to construct a PPI
network for the 61 candidate DEGs. Five genes were most
closely associated with asthenozoospermia after filtering; this
included one upregulated gene (SOX9) and four downregu-
lated genes (HSPA4, SMAD?2, HIFIA and GSK3B). Moreover,
the bioinformatics analysis results for these five genes were
consistent with the RT-qPCR results for the 16 clinical semen
samples used for validation. Therefore, these results may
provide novel clues regarding the molecular mechanisms of
asthenozoospermia.
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Among the five key genes, SOX9, an autosomal gene and a
primary downstream target of SRY, plays a pivotal role in male
sexual development. SOXO is involved in the development or
maintenance of Sertoli cells and in gonadal dysgenesis and
XY and XX sex reversal (23,24). HSPA4 plays an important
role in spermatogenesis and is also involved in the develop-
ment of oligozoospermia and varicocele (25). Compared
with wild-type littermates, Hspa4-deficient mice showed a
drastic reduction in the total number of spermatozoa and their
motility. The majority of pachytene spermatocytes in juvenile
Hspad“” mice failed to complete the first meiotic prophase
and underwent apoptosis (26). SMAD?2 is mainly localized
in the cytoplasm of meiotic genital, Sertoli and Leydig cells.
It plays an important role in testicular development and
spermatogenesis (27). HIF1A was robustly expressed in sper-
matogonial cells of the testis in both juvenile (6 weeks old) and
adult (3 months old) male mice (28). Gorga et al (29) suggested
that HIFs may be involved in regulating the proliferation of
Sertoli cells by follicle-stimulating hormone (FSH). However,

Ghandehari-Alavijeh et al (30) reported a different result for
the association of HIF1A expression with asthenozoospermia;
these authors found a significant negative correlation between
HIF1A expression (r=-0.403, P=0.046) and sperm motility.
Therefore, the function of HIF1A in asthenozoospermia will
require further investigations. GSK3A and GSK3B are two
isomers of GSK3. Both these isomers are related to spermato-
genesis and sperm motility, and the effect of GSK3A was found
to be more significant than that of GSK3B. Following GSK3A
knockout in the testis, testicular weight and sperm counts were
normal in GSK3A“” mice; however, the number of infertile
male mice increased because of decreased sperm motility.
Compared with wild-type mice, GSK3A” mice exhibited
lower sperm ATP levels and flagellar beat amplitude (31,32).
As one of the key downregulated genes in asthenozoospermia,
the role of GSK3B in spermatogenesis requires confirmation
in future research.

In the present study, several pathways that may provide
clues to the molecular mechanisms of asthenozoospermia were
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identified. The thyroid hormone signaling pathway affects the
testis in various ways, including its effects on Leydig cells,
Sertoli cells and spermatogenic cells. A surplus or deficiency
of thyroid hormone can lead to abnormal testicular function.
Hyperthyroidism is associated with decreased semen volume,
sperm density, motility and abnormal sperm morphology (33).
In vitro experiments have revealed that in male patients
with idiopathic infertility, 0.9 pmol/l of levothyroxine (LT4)
significantly increased the percentage of spermatozoa with
high mitochondrial membrane potential and improved
sperm motility. LT4 also reduced sperm necrosis and lipid
peroxidation, thereby ameliorating chromatin compact-
ness. LT4 exerted these effects at 2.9 pmol/l concentration,
which is close to the physiological concentration of free
thyroxine (FT4) in the seminal fluid of euthyroid subjects.
Thyroid hormones play a beneficial role in sperm mito-
chondrial function, oxidative stress and DNA integrity (34).
In a cross-sectional study of 5401 infertile men, subclinical

hypothyroidism was significantly associated with an increased
risk of an abnormal DNA fragmentation index (DFI) (35).
The enzyme-linked receptor signaling pathway is related to
cell reproduction, growth and differentiation processes (36).
The enzyme-linked receptor is a transmembrane protein,
and the intracellular domain usually exhibits some enzyme
activity. Enzyme-linked receptors respond slowly to extra-
cellular signaling (measured in h) and require coordination
among numerous intracellular transduction steps. A number
of experiments have confirmed that receptor tyrosine kinase
(RTK) activity may affect primordial germ cell migration
through the RTK-Ras signaling pathway. Mitogen-activated
protein kinase (MAPK) can promote genital cell proliferation,
meiosis and Sertoli cell proliferation. Differential miRNA
expression is associated with the PI3K-AKT and MAPK
signaling pathways in asthenozoospermia, and sperm motility
is regulated through the concerted efforts of these signaling
pathways (37-39). Transforming growth factor-beta (TGF-p)
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family members and their receptors are expressed in the testis
and play important paracrine and autocrine roles in testicular
development and spermatogenesis. SMAD is a downstream
protein of the TGF-§ family, and the TGF-$-SMAD pathway
plays an important role in testicular development and sper-
matogenesis (27). Inhibin B, a member of the TGF-f§ family,
is involved in the regulation of spermatogenesis. A previous
study revealed a high expression of inhibin B in Sertoli cells,
Leydig cells, and the cytoplasm of spermatogonia in patients
with focal spermatogenesis disorders (40). The JAK-STAT
signaling pathway is stimulated by cytokines and plays a role
in cell proliferation, differentiation, apoptosis and immune
regulation. The JAK-STAT pathway may also be involved in
the pathogenic mechanism of asthenozoospermia. The protein
and mRNA levels of both Janus kinase (JAK) and signal trans-
ducer and activator of transcription (STAT) were significantly
reduced in asthenozoospermia (41).

The five identified key genes were also found to be
enriched in several other signaling pathways. HSPA4 was
enriched in the TCA cycle. As the common pathway for
the catabolism of sugars, lipids and proteins in humans, the
TCA cycle is the main pathway of energy production. Recent
studies have demonstrated that this pathway is involved in
spermatogenesis in asthenozoospermia patients. The semen
of asthenozoospermia patients showed decreased expression
of four enzymes (fructokinase, citrate synthase, succinate
dehydrogenase and spermine synthase) related to energy
metabolism (42). The levels of citrate, malate, succinate
and pyruvate were substantially decreased; however, lactate
levels were increased. These results suggested that astheno-
zoospermic patients had reduced energy produced by aerobic
metabolism through the TCA cycle, which was compensated
by the anaerobic glycolytic pathway, resulting in reduced
sperm capacity. Isocitrate dehydrogenase 3 is a key enzyme in
the mitochondrial TCA cycle, and its reduced levels can cause
sperm energy deficits and disrupt acrosome and flagellogen-
esis, resulting in spermatogenesis arrest (43). Furthermore,
extramitochondrial citrate synthase is abundantly found in the
sperm head. A metabolomics analysis of aged sperms revealed
that the loss of extramitochondrial citrate synthase enhances
the TCA cycle in the mitochondria with age, presumably
leading to the depletion of extramitochondrial citrate; this
might lead to age-dependent male infertility (44).

SOX9,SMAD?2 and GSK3B were enriched in the a-linoleic
acid metabolic signaling pathway, which can be regarded as
the focus of the molecular mechanism in the pathogenesis
of asthenozoospermia. The lipid composition of the sperm
membrane significantly affects sperm quality and function.
Sperm samples from asthenozoospermic patients revealed a
lower level of polyunsaturated fatty acids (such as docosa-
hexaenoic acid) and a higher level of saturated fatty acids (such
as palmitic acid) than those from normal individuals (45).
A randomized controlled study that evaluated the effect of
long-term nut consumption on changes in semen parameters
reported that nuts were rich in unsaturated fatty acids such
as o-linoleic acid, which increased sperm count, vitality,
motility and morphology, and the DFI level of sperm was
significantly reduced (46). Similar results were obtained in
long-term observations of the effects of animal diets on sperm
parameters (47). SMAD2 and GSK3B were simultaneously

enriched in the renin-angiotensin system (RAS) signaling
pathway in the male reproductive system, which regulates
male fertility through paracrine and autocrine mechanisms.
RAS is present in Leydig, Sertoli and spermatogenic cells
in the testis and regulates testosterone and spermatogenesis.
Angiotensin-converting enzyme, angiotensin II type 2 receptor
and aminopeptidase N in the testicular RAS can be used as
potential biological markers of high-quality embryos to assess
and diagnose male fertility (48). SOX9 was enriched in the
glycine-serine-threonine metabolism signaling pathway (49).
This pathway is activated and affects sperm motility in
asthenozoospermia, oligozoospermia, teratozoospermia and
azoospermia.

Leptin is a member of the adipocytokine signaling pathway
enriched by HIFIA. Human and animal studies have identi-
fied that leptin correlates with male infertility and obesity.
Increased leptin levels are associated with low sperm count,
high abnormal sperm count, enhanced sperm oxidative stress
effects and obesity (50). Daily intraperitoneal administra-
tion of 5-30 mg/kg body weight leptin for 42 days in adult
rats decreased the sperm count and increased the fraction of
abnormal sperms (51). Obesity-related diseases are associated
with dysregulated adipocyte function and microenvironmental
inflammatory processes. Dysregulated adipocytokines notably
influence the insulin signaling pathway and may induce
adverse effects on testicular function (52). Although obesity
factors negatively affect sperm quality and function, they can
still be transferred as epigenetic factors to the offspring (53).
In a previous study, patients with varicocele and leukocyto-
spermia revealed significantly higher seminal plasma leptin
levels and sperm apoptosis rates than the control group
(54). Seminal plasma leptin levels were significantly associ-
ated with the sperm apoptotic rate, and leptin may promote
sperm cell apoptosis. It was also discovered that leptin
induces sperm cell apoptosis through TNF-a in leukozoo-
spermic patients (54). However, adiponectin and its receptors,
expressed in male genital cells, can promote spermatogenesis
and maturation (55). Treatment of elderly mice with exogenous
adiponectin significantly improved testicular mass, genital cell
proliferation, insulin receptor expression, testicular glucose
uptake, antioxidant enzyme activity and testosterone synthesis.
Thus, adiponectin therapy could serve as an effective thera-
peutic strategy to improve sperm and testosterone levels in the
testis (56). HIFIA was also enriched in the retinol signaling
pathway. Retinol is also known as vitamin A, and its metabo-
lite retinoic acid (RA) occurs in the seminiferous tubules. RA
is stimulated by hormones such as FSH and testosterone and
can regulate the processes of proliferation and differentiation
of spermatogonia, meiosis, spermiogenesis and sperm release.
RA regulates the expression of Stra8, Kit, GDNF and BMP4
to promote or inhibit spermatogenesis through various path-
ways. RA also inhibits spermatogonial renewal by directly
or indirectly inhibiting the expression of DMRT, GDNF and
cyclin. RA controls spermatogonial stem cell differentiation
through Kit induction and Nanos2 inhibition and regulates
spermatogonia meiosis through Stra8 upregulation. At the
spermatogenesis stage, RARa binds to RA as a key regulator
and upregulates Stra8 to control spermatogenesis. Although
RA plays an important role in all stages of spermatogenesis, it
has more critical involvement in spermatogonia differentiation
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and early meiosis of spermatocytes (57). Although the role
of adiponectin and retinol in supporting male reproductive
function has been observed in some clinical treatments or in
animal studies, the appropriateness of these drugs remains to
be validated by more clinical trials and results.

Hernédndez-Silva et al (58) found that human spermatozoa
RNA includes both non-coding and protein-coding RNAs
that play a potential regulatory function in male fertility.
They identified 100 transcripts with consistent differential
expression as candidates for the molecular source of asthe-
nozoospermia. As underlying biomarkers, miRNAs may
provide evidence of the pathophysiological changes occurring
during the spermatogenesis process. Corral-Vazquez et al (59)
analyzed 48 clinical semen samples to search new molecular
biomarkers for diagnosing male infertility, and they finally
detected 2 pairs of miRNAs (hsa-miR-942-5p/hsa-miR-1208
and hsa-miR-34b-3p/hsa-miR-93-3p). In the present study, a
regulatory network of TFs and miRNAs was analyzed and
constructed, and it was proposed that the synergistic effect of
these TFs and miRNAs could serve as a novel approach to
investigate the underlying mechanisms and molecular targets
of asthenozoospermia.

To date, very few studies have investigated the effects of
the testis immune microenvironment on asthenozoospermia.
As a complete and stable immune microenvironment, the
human blood-testis barrier is jointly regulated by humoral
and cellular immunity, and immune cells, immunoglobulins
and immunoregulatory factors play a coordinated role in
maintaining this immune microenvironment. Inflammatory
factors and oxidative stress play an etiological role in
asthenozoospermia and can stimulate B cell and T cell
activation (60-62). This finding is consistent with the results
of the present study, where high levels of activated B cells
and CD8 T cells were detected in the semen samples of the
asthenozoospermia group. Activated B cells can synthesize
and secrete immunoglobulins, which are involved in the
humoral immune response. As important components in
cellular immunity, CD8 T cells mediate cytotoxic effects and
play a critical role in infection and inflammation. Based on
the GSE160749 dataset, correlations were found among the
five identified key genes and different immune cells, thus
providing new clues regarding the role of cellular immunity
in the mechanism of asthenozoospermia and clinical thera-
peutic sensitivity. An analysis of seminal leukocyte subsets
of 70 sub-fertile men identified that the levels of T (CD3
and CD69), B (CD20 and CD69), NK (CD56) and CD8 T
cells were significantly elevated in the oligoasthenospermia
group (63). Leukocytospermia may impair sperm function
through enhanced helper T-cell regulation. An increase in B
cells may induce the secretion of more anti-sperm antibodies,
thereby leading to low fertility. NK cells may mediate the
entire process of sperm damage. This is consistent with the
results obtained for CD4 T, CD8 T and CD56 (bright or dim)
NK cells in the present study. These observations suggested
that the five identified key genes in asthenozoospermia are
strongly associated with the expression of immune cells
and play an important regulatory role in the testis immune
microenvironment. Furthermore, in the study of the corre-
lations among multiple etiological genes, HSPA4, SMAD?2
and GSK3B were significantly positively associated with

five spermatogenesis-related genes (SLC26A8, GALNTLS,
ARMC?2,FSIP2 and KLHLI10) and eight sperm flagellar func-
tion-related genes (TEKT2, DNAHS, TTC21A, CATSPERI,
TTC29, DNAHI, SPAG17 and DNAH17). The knowledge of
gene interactions in asthenozoospermia is currently limited,
and the findings of the present study may provide a new
avenue to study the interactions of etiological genes of asthe-
nozoospermia.

Previous studies have suggested that the ordered expres-
sion of key genes is crucial during spermatogenesis and that
abnormal gene expression may lead to poor sperm quality or
functional defects (64-66).

The present study has certain limitations. First, the
GSE160749 dataset does not contain abundant sample
profiles, which may limit the accuracy of our results to some
extent. Second, although bioinformatics evidence suggests
that the disturbed expression of the five key genes affects
male spermatogenesis and sperm function, additional in vivo
experiments are required to confirm these results.

In conclusion, in the present study, bioinformatics tech-
niques were used to identify five key genes and signaling
pathways. The underlying molecular mechanisms of asthe-
nozoospermia were explored, and correlations were found
between the expression of these key genes with multiple
related etiological genes and immune cells in patients with
asthenozoospermia. These findings could provide clues to
identify novel diagnostic genetic biomarkers and treatment
strategies for asthenozoospermia.
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