
INTRODUCTION

Infertility is a problem affecting one in six couples, 
which is approximately 15% of the population wishing 
to start a family. In 30% of infertile couples, the male 
factor is a major cause [1,2]. A man is considered in-
fertile if he is not able to induce a pregnancy after at 

least 12 months of regular intercourse without contra-
ception [3]. In 30% to 45% of infertile men, the cause of 
the abnormal semen parameters is not identified (idio-
pathic male infertility) [4]. The term idiopathic is used 
only if defined causes of male infertility can be exclud-
ed, such as: sperm autoimmunity, sexual and/or ejacu-
latory dysfunction, cryptorchidism, acquired testicular 
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Infertility is a common problem affecting one in six couples and in 30% of infertile couples, the male factor is a major cause. 
A large number of genes are involved in spermatogenesis and a significant proportion of male infertility phenotypes are of 
genetic origin. Studies on infertility have so far primarily focused on chromosomal abnormalities and sequence variants in 
protein-coding genes and have identified a large number of disease-associated genes. However, it has been shown that a 
multitude of factors across various omics levels also contribute to infertility phenotypes. The complexity of male infertility has 
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plasmic sperm injection. A multi-omics approach to understanding infertility phenotypes may yield a more holistic view of 
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damage, drug-related issues, radiation-induced damage, 
varicocele, male accessory gland infection, endocrine 
causes, congenital bilateral absence of the vas defer-
ens, hypogonadotrophic hypogonadism, cystic fibrosis, 
myotonic dystrophy, hypospadias, testis atrophy or 
abnormal karyotype. The following descriptive catego-
ries (or combinations thereof) can be given: idiopathic 
oligospermia (sperm concentration of <20 million per 
mL), idiopathic asthenospermia (sperm concentration 
above 20 million per mL but low motility), idiopathic 
teratospermia (normal sperm concentration and motil-
ity but the ejaculate contains a substantial fraction of 
morphologically abnormal sperm), idiopathic azoosper-
mia (no spermatozoa in the ejaculate) [3].

In the past decade significant improvements have 
been made in our understanding of sperm cell biology 
and ability to diagnose and treat male infertility. This 
is the result of combined approaches of advanced pro-
teomics, biochemistry, and functional genomics. Given 
the complexity of the process of spermatogenesis and 
the large number of genes involved, it is likely that a 
significant portion of male infertility phenotypes are 
of genetic origin [5,6]. So far over 800 genetic loci have 
been found to be implicated in male reproduction in 

different mammalian species [7], however, only a few 
genetic factors, such as chromosomal abnormalities and 
Y chromosome microdeletions are now tested routinely 
in infertile men [7-10]. Several genetic factors associated 
with infertility have been identified, but are not part 
of routine testing. These include mitochondrial DNA 
(mtDNA) anomalies [11], genes controlled by the cAMP-
response-element modulator [12], histone deacetylase-
dependent transcriptional repressor ZMYND15 [13] and 
a plethora of others [14].

However, research approaches focusing on single 
genes or omics levels have so far yielded limited results. 
While many contributing factors have been identi-
fied with these methods, the complex pathomechanism 
of male infertility remains unclear. For this purpose, 
an integrated multi-omics systems biology approach 
may be more beneficial in unravelling the underlying 
disease mechanism. Additionally, such an approach 
may allow for the development of novel diagnostic and 
treatment options.

In this review, we obtained the literature describing 
factors associated with male infertility on different 
omics levels, including genomics, epigenomics, tran-
scriptomics, proteomics, metabolomics, glycomics, lipido-
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QTLs on BTA1, BTA9, BTA15 Fig. 1. Overview of omics levels covered 
in the present review.
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mics, miRNomics, and integrated omics (Fig. 1). In order 
to better understand male infertility, we included data 
for humans, large animal models (cattle, horse, pig, and 
sheep), and rodents (mouse and rat).

GENOMICS

Male infertility has been extensively studied on the 
DNA level and a large number of associated genetic 
factors have been identified [15]. These factors include: 
single nucleotide polymorphisms (SNPs), copy number 
variants (CNVs), chromosome aberrations, microdele-
tions, repeat expansions and others.

1. Structural variants
Copy number variation of genes involved in sper-

matogenesis might be among the underlying causes of 
male fertility problems. Feuk et al [16] defined CNVs 
as DNA segments of 1 kb or larger and present at 
variable copy number in comparison with a reference 
genome. DNA copy numbers could be one of the causes 
for gene expression variations; concordance between 
copy number and changes in mRNA expression levels 
has been observed in several genes located in CNV re-
gions. CNVs could influence the activity of individual 
genes important for fertility, however increased num-
ber or specific distribution of CNVs might also result 
in defective recombination, meiotic failure and loss of 
germ cells [17].

Since the first definition of the azoospermia fac-
tor (AZF) regions, the Y chromosome has become an 
important target for studies aimed to identify genetic 
factors involved in male infertility. Due to its struc-
ture, which includes repeated homologous sequences, 
the Y chromosome is predisposed to structural rear-
rangements, especially deletions and duplications. AZF 
deletions including AZFa (P5/proximal-P1), AZFb (P5/
distal-P1) and AZFc deletions are in a cause-effect rela-
tionship with spermatogenic failure and gr/gr deletion 
represents an example of a proven genetic risk factor 
in andrology [6,8,18,19]. CNV studies in male infertility 
provide evidence that CNVs contribute to the complex 
origin of male infertility and present a number of can-
didate genes possibly causing or being risk factors for 
spermatogenic failure [17].

2. Sequence variants
Many studies have associated SNPs and small inser-

tions or deletions in different genes and in non-coding 
areas with male infertility [20-23]. Polymorphisms in 
genes involved in spermatogenesis are considered po-
tential risk factors, as polymorphisms in them could 
lead to infertility [24].

Genome-wide association studies (GWAS) have 
emerged as a powerful novel approach for identi-
fication of susceptibility loci. Using this approach, 
the entire genomes of fertile and infertile men were 
compared to identify differences in the nucleotide se-
quences. The ultimate goal of these genetic studies is 
the assessment of an individual’s risk, leading to spe-
cific preventive measures (model “predict and prevent”) 
[25]. Array-based testing platforms revolutionized our 
understanding of the molecular genetic basis of in-
fertility. Taking a cue from gene arrays, the hope is 
that panels of tens to hundreds of protein and peptide 
markers can transcend the heterogeneity to generate 
a higher level of diagnostic specificity [26]. In this way 
Aston and Carrell [5] employed genotyping microarray 
technology to investigate over 370,000 SNPs in men 
with azoospermia and severe oligozoospermia, along 
with normozoospermic controls. They found 20 SNPs 
significantly associated with azoospermia or oligozoo-
spermia [5].

In order to identify common variants contributing 
to non-obstructive azoospermia (NOA) Hu et al [27] 
performed GWAS and identified significant associa-
tions between NOA risk and common variants near 
PRMT6, PEX10 and SOX5 gene. SNP-based microar-
rays applied to preimplantation genetic diagnosis for 
chromosomal rearrangements can differentiate between 
normal and balanced (carrier) embryos. This may al-
low patients that carry chromosomal rearrangements 
the ability to choose to transfer chromosomally normal 
embryos preferentially over embryos that are balanced 
carriers of the parental translocation [2]. However, fu-
ture GWAS studies which will evaluate identified SNPs 
on additional samples are necessary. They will further 
expand our understanding of the causes of male infer-
tility and eventually provide specialized diagnostic tests 
and new targets for treatment [5]. Genes with sequence 
variants and their associated phenotype of male infer-
tility are summarized in Table 1.

3. Repeat expansions
Nucleotide repeat expansions are a consequence of 

slipped strand mispairing during DNA replication 
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and are responsible for various disorders. A number 
of repeat expansions in genes have been associated 
with male infertility, including AR, POLG, ATXN1, 
DMPK, ATXN3, and SHBG; their associated pheno-
types are presented in Table 2 [28-32]. However, these 
associations are often contradictory. A review by Pe-
terlin et al [33] showed that ten studies associated the 
(CAG)n repeat polymorphism in the AR gene with 
male infertility, however 20 studies failed to do so. The 
latter indicates that the results are often inconsistent 
and replication studies often fail to validate initial 
findings. Additionally, a correlation has also been es-
tablished between the length of CAG repeats in mito-
chondrial polymerase (DNA directed) gamma (POLG) 
and male infertility [29,34], although this finding was 
inconsistent with other studies [35-38].

Kunej et al [39] reported that the number of CTG re-
peats of the DMPK  gene was not associated with idio-
pathic male subfertility nor with clinical characteristic 

of male subfertility in Slovene population. The vari-
ability of the results by various research groups might 
be due to different ethnic origins and, hence, different 
genetic modifiers of the populations studied [5]. There-
fore, additional studies on larger cohorts of patients 
and meta-analyses are encouraged and only this will 
make the interpretation of data obtained from patient 
studies more reliable.

4. Animal models
Animal models have been used in the study of many 

human diseases with genetic components, and male 
infertility is no exception. In the Mouse Genome Infor-
matics (MGI) database, as well as in literature, are a 
number of knockout strains of mice that are male-ster-
ile when homozygous for a particular null allele. The 
pathology of such model animals provides a mechanism 
to begin comparisons with similar problems in humans 
[40]. For example, Vamp4 protein expression was sup-

Table 1. Genes with sequence variants and their associated phenotype of male infertility

Gene symbol Associated phenotype Reference

ADGRG2 Congenital bilateral absence of vas deferens, X-linked Houston et al, 2021 [15]
AMH Persistent Mullerian duct syndrome, type I Houston et al, 2021 [15]
AMHR2 Persistent Mullerian duct syndrome, type II Houston et al, 2021 [15]
ANOS1 Hypogonadotropic hypogonadism 1 with or without anosmia (Kallmann syndrome 1) Houston et al, 2021 [15]
AURKC Spermatogenic failure 5 Houston et al, 2021 [15]
CFAP43 Spermatogenic failure 19 Houston et al, 2021 [15]
CFAP44 Spermatogenic failure 20 Houston et al, 2021 [15]
CFTR Congenital bilateral absence of vas deferens Houston et al, 2021 [15]
CHD7 Hypogonadotropic hypogonadism 5 with or without anosmia Houston et al, 2021 [15]
CYP11A1 Adrenal insufficiency, congenital, with 46XY sex reversal, partial or complete Houston et al, 2021 [15]
CYP11B1 Adrenal hyperplasia, congenital, due to 11-beta-hydroxylase deficiency Houston et al, 2021 [15]
CYP17A1 Adrenal hyperplasia, congenital, due to 17-alpha-hydroxylase deficiency Houston et al, 2021 [15]
PRMT6 Non-obstructive azoospermia Hu et al, 2012 [27]
PEX10 Non-obstructive azoospermia Hu et al, 2012 [27]
SOX5 Non-obstructive azoospermia Hu et al, 2012 [27]

Table 2. Genes with repeat expansions and their associated phenotype of male infertilty

Gene Phenotype Reference

AR Idiopathic infertility Metin Mahmutoglu et al, 2022 [28]
AR Idiopathic azoospermia Pan et al, 2002 [31]
ATXN1 Idiopathic oligozoospermia Lai et al, 2009 [30]
ATXN3 Idiopathic azoospermia Pan et al, 2002 [31]
DMPK Idiopathic azoospermia Pan et al, 2002 [31]
POLG Idiopathic subfertility/infertility Jensen et al, 2004 [29]
SHBG Idiopathic infertility Safarinejad et al, 2011 [32]
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pressed in mice by RNAi-mediated knockdown method, 
which was the first direct evidence for the important 
role of SNARE proteins in acrosome formation. In mice 
with suppressed Vamp4 protein, abnormalities of ac-
rosomal vesicle fusion and of the nucleus were seen in 
spermatids and sperm [41]. As soon as a convergence 
of phenotypes is observed between a specific mutated 
mouse gene and a human phenotype, mutations in the 
human ortholog gene can be screened for [42]. Due to 
the fact that such phenotype driven strategies do not 
rely on previous knowledge of gene identity, they are 
almost wholly unbiased and allow capture of genes 
whose function in reproduction is unanticipated [43].

A quantitative trait locus (QTL) is a statistically 
identified genomic region hypothetically responsible 
for genetic variation in a trait. Experimentally, QTL 
estimation is usually carried out within a given re-
source population with a specific mating scheme de-
signed for detecting genetic segregations useful for the 
test [44]. In mammals, male fertility is a quantitative 

feature determined by numerous genes acting at dif-
ferent levels, therefore the underlying genes are very 
difficult to identify [45]. Defining wide chromosomal 
regions involved in male fertility in mammals is the 
first step towards fine-mapping of causal genes. To 
date, several QTL for male fertility traits have been 
reported in mouse, cattle, sheep, pig, and rat [45-51]. 
The latest release of AnimalQTL database includes 
entries for several reproductive traits, such as QTLs 
for sperm concentration in bulls, which were mapped 
to BTA1, BTA9, and BTA15 [52]. Le Roy et al [48] used 
inbred strains of laboratory mice to identify five chro-
mosomal regions associated with testis weight and one 
associated with associated with seminal vesicle weight. 
Genetic regions associated with male infertility identi-
fied with animal models are summarized in Table 3. 
Identification of genes linked with reproduction traits 
in animals facilitate the discovery of corresponding hu-
man genes via the use of comparative maps and subse-
quently developing animal models for sterility.

Table 3. Sequence variants in genetic regions and their associated phenotype in animal models associated with male infertility

Affected genetic region (chromosome) Animal model Associated phenotype Reference

Region on chr. 1 (BTA1) Bull Reduced sperm concentration Huo et al, 2019 [52]
Region on chr. 9 (BTA9) Bull Reduced sperm concentration Huo et al, 2019 [52]
Region on chr. 15 (BTA15) Bull Reduced sperm concentration Huo et al, 2019 [52]
DSS1 (MMU6) Mouse Decreased sperm survival L'Hôte et al, 2007 [45]
LTW1 (MMU11) Mouse Low testis weight L'Hôte et al, 2007 [45]
LTW2 (MMU6) Mouse Low testis weight L'Hôte et al, 2007 [45]
LPW1 (MMU19) Mouse High prostate weight L'Hôte et al, 2007 [45]
SH1 (MMU6) Mouse Altered sperm nucleus shape L'Hôte et al, 2007 [45]
SH2 (MMU3) Mouse Altered sperm nucleus shape L'Hôte et al, 2007 [45]
SH3 (MMU12) Mouse Altered sperm nucleus shape L'Hôte et al, 2007 [45]
SH4 (MMU11) Mouse Altered sperm nucleus shape L'Hôte et al, 2007 [45]
Vamp4 (MMU1) Mouse Abnormalities in acrosomal vesicle fusion Guo et al, 2010 [41]
Region on chr. X (MMUX) Mouse Low testis weight Ford et al, 2001 [46]
Region on chr. 4 (MMU4) Mouse Low testis weight Ford et al, 2001 [46]
Region on chr. 10 (MMU8) Mouse Low testis weight Ford et al, 2001 [46]
Region on chr. 13 (MMU13) Mouse Low testis weight Ford et al, 2001 [46]
Region on chr. 18 (MMU18) Mouse Low testis weight Ford et al, 2001 [46]
Region on chr. X (SSCX) Pig Testis weight Sato et al, 2003 [50]
Region on chr. 3 (SSC3) Pig Elevated FSH levels Rohrer et al, 2001 [49]
Region on chr. 3 (SSC3) Pig Testis weight Sato et al, 2003 [50]
Region on chr. 8 (SSC8) Pig Elevated FSH levels Rohrer et al, 2001 [49]
Region on chr. 10 (SSC10) Pig Elevated FSH levels Rohrer et al, 2001 [49]
Xq (SSCX) Pig Altered FSH secretion and testis weight Ford et al, 2001 [46]
Region near D8Cebr204S21 (RNO8) Rat Seminal vesicle mass Zídek et al, 1999 [51]

BTA: Bos taurus, FSH: follicle-stimulating hormone, MMU: Mus musculus, SSC: Sus scrofa, RNO: Rattus norvegicus.
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EPIGENOMICS

Several studies reported that epigenetic mechanisms 
like DNA methylation, residual histone modifications, 
chromatin remodelling, and non-coding RNA-mediated 
regulation could have effect on male infertility, embry-
onic development and assisted reproductive techniques 
outcome [53].

1. DNA methylation
A common epigenetic regulatory mechanism is DNA 

methylation. This is done by DNA methyltransfer-
ases and achieves gene repression by altering the 3D 
structure of DNA, making the binding of transcription 
factors more difficult [54]. In humans, fetal spermato-
gonia seem to be mostly unmethylated at the H19 (H19 
imprinted maternally expressed transcript) differen-
tially methylated region (DMR), although spermato-
gonia of adult testis are significantly methylated in 
this region. Epigenetic perturbations of the 6th CTCF 
(CCCTC-binding factor) site of the H19 DMR have 
been proposed as a relevant biomarker for quantitative 
defects of spermatogenesis - teratozoospermia and/or 
oligo-astheno-teratozoospermia (OAT) in humans [55]. 
Furthermore, Marques et al [56] studied the methyla-
tion patterns of H19 and MEST  imprinted genes and 
suggested that abnormal methylation of these genes in 
human sperm is associated with oligozoospermia. It is 
worth considering abnormal paternal DNA methyla-
tion which has been demonstrated at H19 and MEG3 
(synonym GTL2) and abnormalities of maternal DMRs 

at MEST  (synonym PEG1), KCNQ1OT1 (synonym 
LIT1), PLAGL1 (synonym ZAC), PEG3 and SNRPN 
[57].

Studies also revealed that sperm methylation abnor-
malities may involve large numbers of genes that also 
affect non-imprinted genes. Wu et al [58] reported that 
hypermethylation of the promoter of MTHFR gene 
in sperm is associated with idiopathic male infertil-
ity. Additionally, Dhillon et al [59] have found that 
GSTM1 epigenetic silencing is associated with male in-
fertility. Analysis of DNA methylation status of CpGs 
in human sperm revealed a loss of methylation in the 
teratozoospermia group compared to the control group. 
Loss of methylation appeared in CpG positions either 
in the IGF2 DMR2 and/or the sixth CTCF binding site 
of the H19 DMR [55]. In the OAT group, a severe loss 
of methylation of the 6th CTCF were presented and 
was associated with sperm concentration [55]. Further-
more, Nanassy and Carrell [60] discovered that patients 
with an abnormal protamine 1/protamine 2 (P1/P2) 
ratio or oligozoospermia display an increased abnormal 
methylation of CREM  compared with control subjects. 
Differentially methylated genetic regions and their as-
sociated phenotypes are summarized in Table 4.

2. Histone modifications
Successful spermiogenesis requires a sequence of his-

tone modifications, as well as a shift from histones to 
transition proteins and testis-specific histone variants, 
and later to protamines [61]. Differential post-trans-
lational modifications (PTMs) of histones have been 

Table 4. Differentially methylated genetic regions and their associated phenotypes

Affected genes Phenotype Reference

CREM Oligozoospermia Nanassy et al, 2011 [60]
GSTM1 OAT Dhillon et al, 2007 [59]
GTL Oligozoospermia Kobayashi et al, 2007 [57]
H19 Oligozoospermia Kobayashi et al, 2007 [57]
H19 Oligozoospermia Marques et al, 2008 [56]
H19 Teratozoospermia/OAT Boissonnas et al, 2010 [55]
IGF2 Teratozoospermia/OAT Boissonnas et al, 2010 [55]
KCNQ1OT1 Oligozoospermia Kobayashi et al, 2007 [57]
MEST Oligozoospermia Marques et al, 2008 [56]
MEST Oligozoospermia Kobayashi et al, 2007 [57]
PEG3 Oligozoospermia Kobayashi et al, 2007 [57]
PLAGL1 Oligozoospermia Kobayashi et al, 2007 [57]
SNRPN Oligozoospermia Kobayashi et al, 2007 [57]

OAT: oligo-astheno-teratozoospermia.
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identified in males with abnormal semen parameters. 
These altered PTMs include altered H4 acetylation as 
well as altered H4K20 and H3K9 methylation com-
pared to normozoospermic samples [62]. In a genome-
wide analysis of histone locations and modifications, 
Hammoud et al noted that five of the seven males with 
reproductive dysfunction had non-programmatic his-
tone retention genome-wide. However, they note that 
localization of methylation at H3 Lysine 4 (H3K4me) 
and H3 Lysine 27 (H3K27me) was similar between 
males with reproductive dysfunction and the control 
group [63].

Asthenozoospermia (AS) sperm was found to have 
an increased presence of  histone modifications at 
H3K4Me1, H3K9Me2, H3K4Me3, H3K79Me2 and 
H3K36Me3 [64]. Following this model, Yuen et al cre-
ated a line of H3f3b knockout mice, which could not 
produce the H3.3 histone variant. This resulted in ab-
normal spermatozoa, a decrease in germ cell types and 
testis atrophy, leading to male infertility [65]. The loss 
of JHDM2A-mediated H3K9 demethylation in mice 
was shown to impair post-meiotic chromatin condensa-
tion, leading to infertility [66]. Differentially modified 
histone positions and their phenotypes are summarized 
in Table 5. It is therefore apparent that histone modifi-

cations are an integral part of spermiogenesis and that 
the dysregulation of this process may be a contributing 
factor or core cause of some infertility cases.

3. Non-coding RNAs
In epigenetics, non-coding RNAs (ncRNAs) are RNA 

molecules which, depending on their type, regulate 
gene expression in different ways. NcRNAs are divided 
into long ncRNAs and short ncRNAs, and each also 
has several distinct classes. MicroRNAs (miRNAs) are 
a class of short ncRNAs that act as post-transcriptional 
repressors and have been associated with multiple 
diseases, including male infertility [67,68]. Due to their 
importance in gene expression regulation, the field of 
miRNomics is dedicated to studying this class of short 
ncRNAs. MiRNA targets, their functions and miRNAs 
are summarized in Table 6.

MiR-471 has been shown to target DSC1 and 
FOXD1, which are highly expressed in Sertoli cells 
[69]. MiRNAs also often have multiple mRNA targets. 
MiR-34/449 family members have a large array of tar-
gets, including cyclin-dependents kinases, NOTCH1, 
BCL2 and CASP3, which play a role in the genera-
tion of mature spermatozoa by regulating the cell cycle 
[70]. Other ncRNAs have also been associated with 

Table 6. MiRNAs, their regulatory targets and their functions or phenotypes associated with male infertility

miRNA Target Target function or phenotype Reference

miR-34/449 family BCL2 Generation of mature spermatozoa Pantos et al, 2021 [70]
miR-34/449 family CASP3 Generation of mature spermatozoa Pantos et al, 2021 [70]
miR-34/449 family Cyclin-dependent kinases Generation of mature spermatozoa Pantos et al, 2021 [70]
miR-34/449 family NOTCH1 Generation of mature spermatozoa Pantos et al, 2021 [70]
miR-471 DSC1 Highly expressed in Sertoli cells Panneerdoss et al, 2012 [69]
miR-471 FOXD1 Highly expressed in Sertoli cells Panneerdoss et al, 2012 [69]

Table 5. Histone positions with altered post-translational modifications and their associated phenotypes

Affected histone position Phenotype Species Reference

H3K4 Asthenozoospermia Human La Spina et al, 2014 [64]
H3K4 Infertility Human Hammoud et al, 2011 [63]
H3K9 Asthenoteratozoospermia Human Schon et al, 2019 [62]
H3K9 Asthenozoospermia Human La Spina et al, 2014 [64]
H3K27 Infertility Human Hammoud et al, 2011 [63]
H3K36 Asthenozoospermia Human La Spina et al, 2014 [64]
H3K79 Asthenozoospermia Human La Spina et al, 2014 [64]
H4K20 Asthenoteratozoospermia Human Schon et al, 2019 [62]
H3K9 Infertility Mouse Okada et al, 2010 [66]
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spermiogenesis and male infertility, such as long non-
coding RNAs (lncRNAs) [71]. Some lncRNAs are known 
to be necessary for meiosis and spermatogenesis, such 
as lncRNA-Tsx, whose absence results in apoptosis of 
spermatocytes during pachytene [72]. NcRNAs include 
a large number of RNA types and affect fertility on 
multiple omics levels. Dysregulations in ncRNA expres-
sion fall under the purview of transcriptomics and are 
thus described in section 3.

TRANSCRIPTOMICS

Transcriptomics is the study of the transcriptome - 
the entire set of coding and non-coding RNAs that are 
transcribed in a cell at a specific point in time. The 
transcriptome thus differs based on cell types and their 
developmental stages and, when dysregulated, can be 
indicative of pathology. In the case of male infertility, 
transcriptomic analyses have revealed differential ex-
pression and regulation of multiple disease-associated 
genes.

1. Protein-coding genes
The global analysis of spermatozoa messenger RNAs 

(mRNAs) allows us to measure the expression of thou-
sands of differentially expressed genes (DEG) in a 
single sample and in this way explore clinical markers 
for male infertility. Molecular signatures obtained by 
comparing gene expression profiles from fertile and 
infertile groups are used to identify genes and gene 
networks critical to spermatogenesis and then poten-
tially serves as a diagnostic platform and suggest gene 
therapy targets of male infertility [40,73,74]. Differen-
tially expressed protein-coding genes and their associ-
ated phenotypes are presented in Table 7.

Microarray analysis in sperm from fertile and infer-
tile men with normal semen parameters successfully 

demonstrated significant differences in spermatozoal 
mRNA profiles [75]. Therefore, spermatozoal mRNA 
may be useful as biomarkers for predicting male in-
fertility [76]. Rockett et al compared gene expression 
profiles from normal and abnormal human testes with 
those from comparable infertile mouse models. Forty-
seven mouse genes exhibited differential testicular 
gene expression and 19 human genes were differen-
tially expressed between normal and abnormal samples 
[40]. Additionally, Montjean et. al. studied the sperm 
transcriptome profile in oligozoospermia and found 
that transcription profile in germ cells of men with 
idiopathic infertility is different from that of fertile 
individuals [77]. Furthermore, using complementary 
DNA (cDNA) microarray analysis, 10 novel sterility-re-
lated genes were identified [78]. Mitochondrial sirtuins 
(SIRT3, SIRT4 and SIRT5), responsible for regulating 
energy production, have been shown to be significantly 
downregulated in semen samples of infertile males [79].

It has also been found that the PRM1/PRM2 
mRNA ratio in testicular spermatids and ejaculated 
spermatozoa significantly differ between infertile 
men and fertile controls [80]. Furthermore, protamine 
mRNAs appeared to have a role in the formation of 
fully functional mature spermatozoa and as such, 
have potential as a diagnostic tool for male infertil-
ity [76]. In addition, glucose phosphate isomerase has 
also been reported to be differentially expressed in two 
species (infertile mice and humans) [40]. Furthermore, 
RBMY1, DAZ1, TSPY1 and DDX3Y  are differentially 
expressed in males with oligozoospermia or azoosper-
mia in comparison to the normozoospermic control 
group [81]. However, discrepancies in the results of 
gene expression analyses have been observed and may 
result from the differences in experimental protocols 
and statistical approaches, or nonhomogeneous cohort 
characteristics.

Table 7. Differentially expressed proteins and their associated male infertility phenotypes

Protein symbol Associated phenotype Reference

DAZ1 Oligozoospermia/azoospermia Lardone et al, 2007 [82]
DDX3Y Oligozoospermia/azoospermia Lardone et al, 2007 [82]
RBMY1 Oligozoospermia/azoospermia Lardone et al, 2007 [82]
SIRT3 Oligoasthenospermia/asthenospermia Bello et al, 2022 [79]
SIRT4 Oligoasthenospermia/asthenospermia Bello et al, 2022 [79]
SIRT5 Oligoasthenospermia/asthenospermia Bello et al, 2022 [79]
TSPY1 Oligozoospermia/azoospermia Lardone et al, 2007 [82]
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2. Non-coding RNAs
Beside mRNA, non-coding RNAs have also been 

reported to be dysregulated in association with male 
infertility. For example, altered miRNA profiles of tes-
ticular biopsies from NOA patients have been observed 
[82]. Beside dysregulation, ncRNAs could also be stud-
ied for their interactions with downstream targets [83]. 
Dysregulated ncRNAs and their associated phenotypes 
are summarized in Table 8.

Nucleus of mature spermatozoa contains a complex 
population of RNAs that are transcriptionally inert, 
but they may serve as biomarkers for male infertility. 
Bioinformatics analysis performed by Krawetz et al re-
vealed the presence of multiple classes of small RNAs 
in human spermatozoa [84]. These include miRNAs, 
Piwi-interacting RNAs (piRNAs), and repeat-associated 
small RNAs [84]. The importance of small non-coding 
RNAs as regulators of RNA transcription stability and 
translation is becoming increasingly evident [85]. MiR-
NAs are believed to be associated with male infertility 
due to their function as posttranscriptional suppressors 
through binding to their target mRNAs by base-pair-
ing and subsequently inducing either translational re-
pression or mRNA destabilization [86]. Therefore, high 
levels of gene expression do not always correspond to 
elevated of protein expression, because miRNAs repress 
protein synthesis from targeted mRNAs and control 
approximately 30% of human genes [87,88].

Molecular mechanisms of  small RNA molecules 
regulating spermatogenesis have been reviewed by He 
et al [89]. Microarray analyses have revealed dynamic 
changes in small ncRNAs expression during spermato-
genesis and in case of different types of infertility. In 
this way the miRNA expression profiles of testes of pa-
tients with NOA and normal controls were performed 
by using microarray technologies. Altered miRNA ex-
pression in NOA patients was found and findings have 
been confirmed by RT-qPCR assays which confirmed 
19 up- and 154 down-regulated miRNAs in patients 
with NOA [90]. Additionally, hsa-mir-191 was found to 

be down-regulated in teratozoospermia [91]. Curry et 
al analysed differences in miRNA expression between 
normal porcine sperm samples and those exhibiting 
high percentages of morphological abnormalities or 
low motility. There were increases in the expression of 
four miRNAs in the abnormal group, whereas one was 
decreased compared to controls and two miRNAs were 
increased in the low motility group when compared to 
controls [92].

All of the above alterations suggest the importance 
of appropriate levels of ncRNAs for fertility. In this 
way Yan et al, with the aim to understand miRNA 
expression during mammalian spermatogenesis, used 
miRNA microarray to determine miRNA expression 
patterns of immature and mature rhesus monkey and 
mature human testis tissues [93]. Analysis indicated 
that 15 of  the 26 miRNAs may be responsible for 
the difference between immature and mature testis 
miRNA expression. Additionally, Yan et al found 19 
miRNAs differentially expressed between immature 
and mature mice testes (14 up regulated and five down 
regulated) [94], while Lian et al used RT-qPCR assay 
and found 122 miRNAs differentially expressed in the 
immature and mature porcine testes [95]. Furthermore, 
Ro et al reported cloning and expression profiling of 
141 miRNAs expressed in mice testes of which 28 are 
preferentially or exclusively expressed in testes [96]. It 
is noteworthy that Torley et al used sheep as a model 
with the aim to identify the expression of miRNAs 
in mammalian fetal gonad and revealed significant 
differences between testes among 24 miRNAs at ges-
tational day (GD) 42 and 43 miRNAs at GD75. In addi-
tion, their data indicate that miR-22 is involved in re-
pressing estrogen signalling within fetal testes and in 
situ hybridization revealed miR-22 localization within 
fetal testicular cords [97].

Single-nucleotide polymorphisms (SNPs) also play 
an important role on the RNA level, because SNPs of 
miRNA precursors and their target sites, as well as the 
silencing machinery, interfere with miRNA function 
and are likely to affect phenotypic variation, includ-
ing disease susceptibility [98]. Ogorevc et al discussed 
genetic variability of miRNA targets within male in-
fertility genes, which can represent a source of novel 
molecular-genetic markers that can be used for the di-
agnosis of male infertility [99]. Genes with high levels 
of testis-specific expression, polymorphic 3’-UTRs, and/
or conserved miRNA target sites represent promising 

Table 8. Differentially expressed ncRNAs and their associated pheno-
types

ncRNA Phenotype Reference

hsa-mir-191 Teratozoospermia Grinchuk et al, 2010 [92]
hsa-miR-525-3p AS Zhou et al, 2019 [101]
lncRNA Gm2044 NOA Liang et al, 2019 [105]
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candidates for targets involved in miRNA-regulated 
pathogenesis of male infertility. Additionally, miRNA-
target interactions have also been experimentally vali-
dated; reduced expression of miR-525-3p and elevated 
expression of its target SEMG1 have been shown to be 
associated with AS and male infertility [100].

Another class of sncRNAs are Piwi-interacting RNAs 
(piRNAs), which have multiple functions, such as ret-
rotransposon transposition repression, mRNA stability 
and epigenetic regulation [101,102]. Yan et al identified 
piRNA like RNAs (pilRNAs) from mouse testes and 
suggest that the testis is the organ with the highest 
expression of pilRNAs both in number and in abun-
dance and that pilRNAs probably play an important 
role in the regulation of spermatogenesis [94]. Further 
functional studies are required to identify the exact 
mode of action of piRNAs.

Beside short ncRNA also long non-coding RNAs (ln-
cRNAs) have also been shown to have a potential for 
new biomarkers and therapeutic strategies as they 
have been shown to be dysregulated in association 
with low sperm count in a mouse model [103]. LncRNA 
Gm2044 has been shown to play a role in NOA [104]. 
While the number of publications related with circular 
RNAs (circRNA) is increasing, our literature review 
did not reveal any publication describing their role in 
male infertility.

PROTEOMICS

Proteomics is the study of the proteome, which is 
a set of proteins produced by an organism. The field 
has evolved as a major area of research in biology and 
medicine, its main objective is to identify and validate 
potential targets, at the molecular level, for develop-

ment of more sensitive diagnostic tools [105]. Proteomic 
approaches are used to study, among others, protein-
protein interactions (PPI), PTMs and differential 
protein expression [106]. Proteins and their associated 
functions in fertility/infertility are presented in Table 
9.

Milardi et al [107] identified at least 919 unique pro-
teins per individual seminal plasma sample and some 
of these proteins might be involved in male fertility. 
One of the candidates is sperm surface protein ferti-
lin (heterodimer composed of α and β subunits) which 
may promote sperm-egg binding, fusion, and egg acti-
vation [108]. The latter was confirmed by protein im-
munoblot analysis of spermatogenic cells and sperm 
which revealed that sperm from mice lacking fertilin 
β is deficient in sperm-egg membrane adhesion, sperm-
egg fusion, migration from the uterus into the oviduct, 
and binding to the egg zona pellucida [109]. Kumar et 
al [110] first reported about native human serum albu-
min (HSA)–prolactin inducible protein (PIP) complex 
formation in seminal plasma. As HSA has been known 
to preserve the motility of sperm, native HSA–PIP 
complex formation may point towards an important 
role of PIP, which can directly be correlated with male 
fertility/infertility [111]. Studies showed that mean P1/
P2 ratio is approximately 1 and that abnormal expres-
sion of protamines is found in a significant percentage 
of men presenting for infertility analysis. Aoki et al 
[112] reported that human sperm protamine content is 
significantly related with DNA fragmentation.

Coştur et al [113] suggested that iNOS (NOS2) has 
an essential role in spermatogenesis. They performed 
histologic evaluation and immunostaining of testicu-
lar sperm samples from spermatozoa-absent men and 
fertile controls. In the spermatozoa-absent groups of 

Table 9. Proteins and their associated traits or functions in male infertility

Protein Associated trait or function Reference

BRDT Impaired spermatogenesis Barda et al, 2012 [117]
DCN Impaired spermatogenesis Adam et al, 2011 [115]
Fertilin Infertility/fertility Cho et al, 1998 [121]
GSK3A Sperm motility Vijayaraghavan et al, 2000 [119]
HSA-PIP complex Infertility/fertility Harrison et al, 1982 [112]
NOS2 Spermatogenesis Coştur et al, 2012 [114]
PARK7 AS Wang et al, 2009 [116]
TUBGCP2 Sperm motility Chan et al, 2009 [118]

AS: asthenozoospermia.
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azoospermic human testis complete germ cell loss and 
intense expression of iNOS in the Sertoli and Leydig 
cells was found, conversely iNOS expression was very 
weak in the control group. Additionally, it has also 
been proposed that the increase in extracellular matrix 
protein decorin (DCN) produced by myofibroblastic, 
peritubular cells in the walls of seminiferous tubules, 
may imbalance the paracrine signalling pathways in 
human testis and therefore have possible role in male 
infertility. This hypothesis was confirmed by immuno-
histochemical analysis which revealed DCN deposits 
in the walls of tubules with impaired spermatogenesis 
[114].

Patients with AS showed differential regulation of 
proteins; 45 proteins were upregulated and 56 proteins 
were downregulated in comparison with the control. 
PARK7 (formerly DJ-1) was one of the down regulated 
proteins in AS seminal plasma. PARK7 concentration 
was lower by approximately half compared to control 
samples. Additionally, levels of reactive oxygen species 
(ROS) were 3.3-fold higher in AS samples [115]. Barda et 
al [116] characterized the BET  gene family expression 
in human testis with spermatogenetic impairments 
what revealed that BRDT  is the only BET  family 
gene expressed exclusively in testicular germ cells and 
BRDT  gene was not expressed in testicular tissue 
from patients with Sertoli cells only. It is worth consid-
ering that high low motility sperm show differential 
protein phosphorylation. Chan et al [117] identified that 
γ-tubulin complex associated protein 2 (TUBGCP2) was 
hypophosphorylated in low motility sperm.

The importance of protein phosphorylation was also 
reported by Vijayaraghavan et al [118] who showed 
that tyrosine phosphorylation of a GSK3A 55 kDa 
protein varied in direct proportion to motility what 
suggest that regulation by phosphorylation, could be a 
key element underlying motility initiation in the epi-
didymis and regulation of mature sperm function. In 
order to identify protein candidates and to develop the 
diagnostic markers for AS, the expression of 101 sperm 
protein spots was compared between 20 AS samples 
and 10 semen donor control samples. Using a two-
dimensional proteomic analysis 17 protein spots were 
identified at different amounts in the AS samples com-
pared with controls [65]. Protein biomarkers may help 
us toward better understanding of unknown cases of 
male infertility that, in turn, can guide us to find bet-
ter therapeutic solutions [119].

METABOLOMICS, GLYCOMICS AND 
LIPIDOMICS

Several other omics types are expected to enable 
identification of unknown genetic factors and diagnos-
tics of male fertility in the near future. For example, 
metabolomics presents a potential new tool for diag-
nostics tests [120]. Changes in oxidative stress levels, 
as well as altered levels of glycerylphosphorylcholine, 
citrate and lactate have been associated with male in-
fertility through metabolomic studies [121]. Subsections 
of metabolomics, such as glycomics and lipidomics, also 
hold the potential to identify diagnostic targets. For 
example, increased levels of arachidonic acid and other 
fatty acids have been reported in AS spermatozoa [122]. 
Furthermore, it has been suggested that the seminal 
plasma glycome profile may be associated with male 
reproductive potential [123]. This approach could be ex-
tended using other omics data, for example, following 
the proposed taxonomy of multi-omics science [124,125].

INTEGRATED OMICS APPROACHES

While an analysis on a single omics level already 
yields a large amount of data, it does not necessarily 
accurately represent the complex nature of certain pa-
thologies. Integrated omics approaches have been suc-
cessfully used in the studies of several diseases, includ-
ing cancer, infections and age-related diseases [126]. An 
integrated omics approach has been used to define the 
human sperm microtubulome - combining proteomics, 
transcriptomics and interactomics data highlight sev-
eral novel factors potentially associated with fertility 
[127]. Additionally, the results of this analysis suggest 
that CUL3 and DCDC2C play a role in the functioning 
of the sperm flagellum [127]. Talluri et al [128] conduct-
ed an extensive integrated multi-omics study on bull 
(Bos taurus) fertility, identifying the dysregulation of 
4,766 mRNA, 785 proteins and 33 metabolites between 
bulls with high and low fertility. Relatively few inte-
grated omics studies on male infertility currently exist, 
despite its promising applications. In regards to male 
infertility, this field is still in its infancy [129].

FUTURE DIRECTIONS

A systems biology approach may prove useful in 
unravelling complex diseases, however it requires a 
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large data set. Therefore, international collaboration on 
whole-genome or whole-exome studies may be required 
in order to obtain additional insight into the pathology 
of male infertility. The cooperation of multiple medical 
and research centres would be of great benefit to the 
development of this field.

Such an effort could also keep in mind the varying 
genetic backgrounds of different populations in regards 
to male infertility. Candidate loci with associations 
below the threshold for statistical significance are not 
necessarily irrelevant for the disease, but should rather 
be tested for association in other populations.

In combination with an integrative, comparative 
genomic approach, animal models could help identify 
additional male infertility loci. Animal models could 
also be used to identify additional disease-associated 
ncRNAs as well as the interactions between infertil-
ity factors. This would expand the data set of potential 
factors in humans and assist future international re-
search.

CONCLUSIONS

Male infertility is a complex disease with a large 
number of associated risk factors. These appear on sev-
eral omics levels, including those outside of the scope 
of the present review. Thus far, studies have predomi-
nantly focused on a singular contributing factor or 
omics level. However, given the multi-faceted nature 
of the disease, limiting research to a single disease-
associated structural variant, sequence variant or dys-
regulation may not be optimal. Instead, studies on male 
infertility phenotypes may be more successful with the 
application of an integrative, multi-omics approach. A 
shift to an integrative study of infertility on multiple 
omics levels would contribute to the understanding 
of the underlying pathomechanism and allow for the 
development of novel diagnostic and treatment options 
through systems biology methods.
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