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KEYWORDS Abstract Objective: To assess the role of differentially expressed proteins as a
resource for potential biomarker identification of infertility, as male infertility is
of rising concern in reproductive medicine and evidence pertaining to its aetiology
at a molecular level particularly proteomic as spermatozoa lack transcription and

Sperm proteomics;
Male infertility;

Spermatozoa; . S : . . . .
VI;ricocele' translation. Proteomics is considered as a major field in molecular biology to vali-
Biomarker’s date the target proteins in a pathophysiological state. Differential expression analy-

sis of sperm proteins in infertile men and bioinformatics analysis offer information
about their involvement in biological pathways.

Materials and methods: Literature search was performed on PubMed, Medline,
and Science Direct databases using the keywords ‘sperm proteomics’ and ‘male infer-
tility’. We also reviewed the relevant cross references of retrieved articles and
included them in the review process. Articles written in any language other than Eng-
lish were excluded.

Results: Of 575 articles identified, preliminary screening for relevant studies elim-
inated 293 articles. At the next level of selection, from 282 studies only 80 articles
related to male infertility condition met the selection criteria and were included in
this review.

Conclusion: In this molecular era, sperm proteomics has created a platform for
enhanced understanding of male reproductive physiology as a potential tool for
identification of novel protein biomarkers related to sperm function in infertile
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men. Therefore, it is believed that proteomic biomarkers can overcome the gaps in
information from conventional semen analysis that are of limited clinical utility.

© 2017 Production and hosting by Elsevier B.V. on behalf of Arab Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Currently, infertility is one of the most addressed issues
related to male reproductive dysfunction. Amongst the
9% of the world’s infertility cases, ~20% is contributed
by the male population alone [1]. There are multiple fac-
tors that govern and regulate male factor infertility,
although most of these cases remain idiopathic. Androl-
ogy laboratories rely mainly on semen analysis to evalu-
ate male infertility in patients with poor semen quality.
Conventional tests such as basic semen analysis to deter-
mine sperm concentration, motility, vitality, and mor-
phology are used for diagnosing male infertility based
on reference values established by the WHO [2]. How-
ever, advanced laboratory tests such as quantification
of reactive oxygen species (ROS)' and antioxidants in
semen by chemiluminescence assay [3], oxidation—reduc-
tion potential in semen by Male Infertility Oxidative
System (MiOXSYS®; Aytu BioScience Inc., Engle-
wood, CO USA) [4], and sperm DNA fragmentation
assessment by terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labelling (TUNEL) assay [5],
are clinically used to identify the specific cause of infer-
tility for further utilisation in assisted reproductive tech-
nology. However, the aetiological changes at the
subcellular level of the spermatozoa remain unknown.
New generation techniques, such as proteomics, are
poised to help researchers identify the molecular aspects
of spermatozoa that are affected in infertility conditions.
The majority of protein biomolecules are involved in cell
signalling pathways. Generally, spermatozoa are tran-

U Abbreviations: ACPP, prostatic acid phosphatase/prostatic-specific
acid phosphatase; ANXA7, annexin A7; AZGP1, zinc o2-glycoprotein
1; CLU, clusterin; CRISP(1)(3),cysteine-rich secretory protein (1) (3);
CRISPLD(1)(2), CRISP LCCL domain-containing (1) (2); CST3,
cystatin 3; 2D, two dimensional; DEP, differentially expressed protein;
FNI, fibronectin 1; GO, gene ontology; HISTIH2BA, histone cluster 1
H2B family member A; HSP, heat shock protein; HSPA(2)(5), HSP
family A (HSP70) member (2) (5); KLK3, kallikrein 3; LC-(MYS),
liquid chromatography—(mass spectrometry); LGALS3BP, galectin-3
binding protein; MALDI-TOF, matrix-assisted laser desorption ion-
isation time-of-flight; MIF, macrophage migration inhibitory factor;
NSAF, normalised spectral abundance factor; (N)OA, (non-) obstruc-
tive azoospermia; OAT, oligoasthenozoospermia; ODF(1), outer dense
fibre of sperm tails (1) (2); OS, oxidative stress; PAEP, progestogen-
associated endometrial protein/glycodelin S; PGK2, phosphoglycerate
kinase 2; PIP, prolactin induced protein; ROS, reactive oxygen species;
SDS, sodium dodecyl sulphate; SEMG(1)(2), semenogelin (1) (2);
SOD1, superoxide dismutase 1; SpC, spectral count; TEX101, testis-
expressed protein 101; TUNEL, terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labelling; VDAC(2)(3), voltage-dependent
anion channel (2) (3); ZPBP2, zona pellucida binding protein 2.

scriptionally and translationally silent, so they depend
on their proteins to carry out their biological functions
[6]. Proteomics is an emerging tool that could potentially
help identify protein alterations in spermatozoa and
seminal plasma of male infertile patients [7]. Differential
expression of sperm proteins in fertility compromised
patients is an indicator of defective spermatogenesis,
motility, capacitation, hyperactivation, acrosome reac-
tion, and fertilisation processes at a molecular level.

Aberrant expression of proteins in spermatozoa of
men causes changes in physiological functions due to
post-translational modifications, such as phosphoryla-
tion, glycosylation, proteolytic cleavage, and mutations
[8,9]. Therefore, it is important to understand the
changes in the proteins and cellular pathways affected
in infertile patients for better diagnosis in a clinical
perspective.

Materials and methods

An extensive search of studies published until October
2017 was performed using PubMed, MedLine, and
Science Direct databases. The search was limited to full
articles published in the English language and studies on
human semen were only included. ‘Sperm proteomics’
and ‘male infertility’ were the two primary keywords
used to retrieve articles from different databases. Com-
bination of the following keywords relevant to infertility
and proteomics was used to extract the articles: ‘sperma-
tozoa’, ‘sperm proteomics’, ‘varicocele proteomics’,
‘proteome’, ‘oxidative stress and proteomics’, 2D-
PAGE, mass spectrometry’. Search terms such as
‘azoospermia’, ‘asthenozoospermia’, ‘mitochondrial
dysfunction’, ‘testicular cancer and proteomics’ were
also used. Cross referencing was also referred to and
used in the review process.

Results

Comprehensive literature collection via electronic search
resulted in a total of 575 review and original research
articles. Preliminary screening resulted in 282 articles
that included different proteomic studies from human
sperm (Fig. 1). In the subsequent screening, 206 studies
were rejected as many (n = 84) were not related to high-
throughput proteomics. Finally, 80 full-text articles
(review, original research, and book chapters) met the
inclusion criteria and were found to be eligible for the
review.
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Proteomic analysis

Proteins are the functional biomolecules of the cell.
Alteration in their structure, composition, and interac-
tion with other proteins, and post-translational modifi-
cation affect the normal physiological processes of a
cell [10,11]. Understanding the physiological functions
of all the proteins and polypeptides is required to delin-
eate their involvement in biological and molecular path-
ways in a particular type of cell. Proteomic-based studies
on spermatozoa will explain the functional role of
fertility-related proteins and the factors affecting their
normal expression. Proteomic studies in earlier days
were confined to checking the expression of proteins in
different pathological conditions, but in the current pro-
teomics era, sperm proteomics has been explored by var-
ious researchers to understand cellular pathways
affecting male infertility [11].

Advanced proteomic methodology and tools

Previously, identification and quantification of multiple
proteins at a single time were a challenging task. Develop-
ment and introduction of new advanced tools and tech-
niques have revolutionised the field of proteomics. In
general, the protein techniques are classified into separa-
tion and identification techniques. Conventional separa-
tion techniques include separation of proteins in a given
sample by sodium dodecyl sulphate (SDS)-PAGE based
on their molecular weight. Similarly, two dimensional
(2D)-gel electrophoresis is widely used for quantitative
and qualitative proteins in a much more efficient manner
based on the isoelectric focusing point and molecular
weight of proteins. However, this technique is unable to
generate a complete profile of all the proteins and is not
sensitive enough to detect low-abundance proteins.
Current proteomic approaches are aimed at protein
profiling, differential expression of proteins, localisa-
tion, and identification of post-translational modifica-
tion, analysis of protein—protein interactions, and
protein involvement in regulating biological and molec-
ular pathways. Mass spectrometry (MS) techniques are
able to overcome the omission in protein and peptide
identification by measuring the m/z ratio. Initially the
complexity of the proteins is broken down by 2D-gel
electrophoresis and further MS characterises the pro-
teins. It is an excellent technique to monitor and analyse
thousands of peptides and proteins in a short time
(Fig. 2) [12]. Current methodological advances in sperm
proteomics using matrix-assisted laser desorption ioni-
sation time-of-flight (MALDI-TOF) and liquid chro-
matography (LC)-MS/MS techniques have led to
increased throughput study of the sperm proteome [13].

Quantitative proteomics

The relative quantity of the proteins is determined by
comparing the number of spectra, termed spectral

counts, used to identify each protein. The total numbers
of mass spectra that match peptides to a particular pro-
tein (spectral counts or SpCs) are used to measure the
abundance of proteins in the complex mixture. Normal-
isation of SpCs using the normalised spectral abundance
factor (NSAF) approach is applied prior to relative pro-
tein quantification. Differentially expressed proteins
(DEPs) are obtained by applying different constraints
for significance tests and/or fold change thresholds
based on the average SpC of the protein from multiple
runs, as accurate quantification and determination of
real biological change are a function of the absolute
number of SpCs. The abundance of proteins can be clas-
sified as ‘High’, ‘Medium’, ‘Low’, or ‘Very Low’ based
on their average SpCs. Different constraints for signifi-
cance tests (P value) and/or fold change thresholds (or
NSAF ratio) are applied for better statistical analysis
[14].

Bioinformatics analysis of proteomics data

Bioinformatics is a fusion of biological science with
software-based computer science. It is mainly involved
in the analysis of molecular scientific data using
advanced software tools. Raw data obtained from the
MALDI-TOF and LC-MS/MS techniques are subjected
to bioinformatics analysis to distil the huge amount of
data generated during proteomic studies into a more
presentable form of results [15]. Each protein analysis

Total number of articles (reviews and
original research) identified by
electronic search (n=575)

Articles rejected after preliminary
screening (n=293)

>« Not related to human sperm (n=246)

e Irrelevant titles or abstracts (n=47)

A

Full-text articles retrieved for
evaluation (n=282)

Full text article exclusion criteria (n=206)
e Non English articles (n=5)
| e Repeated information (n=38)

o Irrelevant content (n=79)

e Not high throughput proteomics (n=84)

A

Information used from full-text
articles (n=76)
e Original articles (n=53)
e Review articles (n=23)

<—| Book chapters included (n=4)

Studies included in the review article
(n=80)

A

Fig. 1 Flow diagram illustrating the study selection criteria.
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software works on specific algorithms and further anal-
ysis generates a list of proteins. Initially, MS/MS
collision-induced dissociation (CID) spectra are anal-
ysed using data searching tools, such as Mascot,
SEQUEST and X!Tandem to determine the SpCs. The
proteins and peptides are then further matched with
protein sequences, expressed sequence tags (EST) and
DNA sequences that are available on global databases.

Gene names corresponding to the identified proteins
are provided for functional annotations, whilst gene pre-
diction programs are used to identify the proteins
unavailable in the database based on their functional
group [16]. The next step is gene ontology (GO) analysis
for the identified list of proteins using databases such as
GO Term Finder and GO Term Mapper, which provide
information for the proteins based on their function,
localisation, structure, and biological function in cellular
pathways. The genes/proteins are basically classified
into cellular components, biological processes, and
molecular functions. Interaction network and pathway
analysis for the group of proteins is performed using
proprietary software packages such as Ingenuity Path-
way Analysis (IPA) and Metacore™ to identify the path-
ways, interactions, and cellular distribution of the
proteins. Another online tool, Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING), dis-
plays the functional link between the protein—protein
interactions amongst the proteins [17].

Semen proteome

Semen is the most accepted and suitable sample for pro-
teomic studies, as it contains thousands of proteins.
Semen is composed of spermatozoa and protein-rich
seminal fluid. Characterisation of proteins in spermato-
zoa and seminal plasma provides the function of
fertility-related specific proteins [18]. The male gamete
with specialised functions is produced by a complex pro-
cess known as spermatogenesis. Protein—protein interac-
tion regulates the developmental process of spermatozoa
[19]. Using 1D-SDS-PAGE combined with the in-gel
digestion coupled with MS analysis (GeLC-MS/MS)
technique, Johnston et al. [7] mapped 1760 proteins in
human spermatozoa and also reported the abundance
of 27 proteins present in the 26S proteasome complex
of spermatozoa. Characterisation by the 2D-gel
MALDI-TOF proteomic approach elucidated that pro-
teins in the spermatozoa are involved in vital functions
such as: energy production, apoptosis and oxidative
stress (OS), cytoskeleton, flagella and cell movement,
protein transport, and folding [20]. A review by Amaral
et al. [21] using 30 different studies on sperm proteomics
identified a total of 6198 proteins that constitute the
sperm proteome, including protein characterisation
studies from sperm head, tail, and membrane separately.
Of these proteins, 898 were present in the head, 984 in

Sample
Spermatozoa/seminal plasma

I

Removal of
leukocytes/ cell debris

| l

2D-GE SDS-PAGE

\ )
1

Protein
Trypsin digestion

I I

MALDI-TOF LC-MS
\ )
1
Protein Identification ~ ===y ~ Validation using
MASCOT or SEQUEST Western blot

I

Spectral counts /
quantification

I

Bioinformatic analysis

Fig. 2 Flow diagram for the processing of semen samples using
proteomic tools and bioinformatics analysis.

the tail, and 532 in both locations [22]. Functional anal-
ysis predicted sperm proteins were found to regulate
important pathways such as: energy metabolism, protein
metabolism, post-translational modifications, mem-
brane trafficking, OS, DNA damage, and apoptosis
[21,23].

Seminal plasma is heterogeneous as it is composed of
secretions from the testis and accessory glands (includ-
ing the prostate, seminal vesicles, epididymis, and Cow-
per’s gland), which provide a favourable environment
for the spermatozoa [24]. It has a rich protein concentra-
tion (35-55 g/L) and most seminal plasma proteins orig-
inate from accessory sex glands. Seminal plasma
proteins are responsible for the coagulation—liquefaction
process, making it complex for proteomic studies. Pilch
and Mann [25] reported the expression of 923 proteins in
the seminal plasma and 70% of these proteins were pre-
sent in spermatozoa [23]. Jodar et al. [22] identified 284
proteins including: TGF 1 (TGFBI1), TGF 3
(TGFB3), antimicrobial peptide 1 (AMP1), serpin fam-
ily A member 7 (SERPINA7), low-density lipoprotein
receptor (LDLR), dystroglycan 1 (DAGI1), disintegrin
and metalloproteinase domain 10 (ADAMI10), vit-
ronectin (VTN), platelet-derived growth factor subunit
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A (PDGFA) and IGF-binding protein 2 (IGFBP2),
which were specific only to seminal plasma. The same
research group reviewed nine studies and reported
2064 proteins in the seminal plasma. Semenogelins
(SEMGI1 and SEMG2) were the two most abundant
proteins (80%), whereas 10% of the proteins were from
seminal extracellular vesicles, including epididymosomes
and prostasomes [22].

The testicular proteome too reflects the function of
sperm, as spermatogenesis takes place in the testis.
Guo et al. [26] reported that the human testis expressed
> 1400 proteins and that 39 testis-specific proteins are
involved in testicular function. Integrative analysis of
the testis, sperm, and seminal plasma proteome reflected
that 3901 sperm proteins are also present in the testes
and 1213 proteins were associated with the acrosome
and proteasome complex. Proteins belonging to molecu-
lar processes such as cell motility and peptidase activity
that are essential for sperm motility and capacitation are
transported from the seminal plasma to spermatozoa
[22].

Protein profiling and male infertility

In 2004, Pixton et al. [68] reported the expression of at
least 20 proteins that were altered in an infertile patient
compared to fertile donors. Later, several proteomic
studies were conducted to decipher the role of differen-
tially expressed proteins in different infertility condi-
tions related to sperm defects and abnormalities, i.e.
varicocele, OS, mitochondrial dysfunction, sperm
DNA damage, and testicular cancer. Ultimately, a set
of potential protein biomarkers was proposed to distin-
guish infertility conditions as a cause of subcellular
changes.

Semen abnormalities and proteomics

Azoospermia is associated with the absence of spermato-
zoa in the semen ejaculate and is the most discussed
male infertility condition [27]. Obstructive azoospermia
(OA) is caused by physical obstruction or blockage in
the male reproductive tract, whereas non-obstructive
azoospermia (NOA) is mainly due to the arrest of the
spermatogenesis process. Proteomic analysis of seminal
plasma has shown the absence of certain proteins
responsible for sperm function. Prostatic acid
phosphatase/prostatic-specific acid phosphatase (ACPP)
and kallikrein 3 (KLK3) proteins were absent in
azoospermic patients [28], and other proteins such as
clusterin (CLU), zinc a2-glycoprotein 1 (AZGP1) and
progestogen-associated endometrial protein/glycodelin
S (PAEP) were also reported to be absent [29]. Different
proteomic studies were conducted to determine the dif-
ferential expression of proteins in azoospermia [24,29—
31]. Testis-expressed protein 101 (TEX101) is charac-

terised as the biomarker for azoospermia and extracellu-
lar matrix protein 1 (ECM1) was able to differentiate
NOA and post-vasectomy men with a threshold value
of 2.3 pg/mkL [32].

Asthenozoospermia patients are characterised by
reduced progressive motility of spermatozoa (<32%).
Proteins related to motility and energy metabolism are
altered especially in spermatozoa. A similar proteome
profile was exhibited by both asthenozoospermia and
immature sperm [33], and the DEPs were associated
with energetic metabolism, protein folding/degradation,
vesicle trafficking, and cytoskeleton. Dysregulation of
protein tyrosine phosphatase, non-receptor type 14
(PTPN14), a tyrosine phosphatase protein involved in
the regulation of sperm motility is seen in astheno-
zoospermic patients. Recently, Hashemitabar et al. [34]
identified 14 DEPs as potential protein biomarkers that
are associated with vital sperm function. A similar study
by Martinez-Heredia et al. [35] also identified 17 DEPs.
Alteration in the expression of the phosphorylated pro-
teins such as heat shock proteins (HSPs) due to post-
translational modification also had a negative impact
on sperm motility [36].

Globozoospermia, known as round-headed sperm syn-
drome, is associated with sperm abnormalities. Key pro-
teins involved in spermatogenesis, sperm motility, and
cytoskeleton organisation are differentially expressed
in globozoospermia [37]. Proteins related to acrosome
formation were also altered, especially the proteins pre-
sent in the perinuclear theca region [38].

Another important and common sperm abnormality,
oligoasthenozoospermia (OAT), is a male infertility fac-
tor with mitochondrial and chromosomal abnormalities.
Proteomic profiling of patients with OAT identified a
total of 2489 proteins from seminal plasma and their
participation in the glycerolipid metabolism pathway
[39]. A study by Sharma et al. [40,41] reported the
down-regulation of cystatin 3 (CST3) and up-
regulation of KLK3 and SEMGI1 sperm proteins in
OAT semen samples. Another similar study also deter-
mined the down-regulation of epididymal secretory pro-
tein E1 (NPC2), galectin-3 binding protein
(LGALS3BP), lipocalin 1 (LCNI1), and prolactin
induced protein (PIP) in oligoasthenozoospermia com-
pared with normozoospermia [42] (Table 1 [29-
31,34,35,39,41,79].

Male reproductive disorders and dysfunction

Varicocele is the abnormal dilation of the pampiniform
venous plexus surrounding the spermatic cord involving
the back flow of blood from the abdomen into the testis
[43]. Tt affects 35% and 81% of the primary and sec-
ondary infertile men, respectively [44]. Even though
patients with varicocele have normal semen parameters,
their fertility status is likely to be compromised. This is
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Table 1 Identification of DEPs involved in semen abnormalities using high-throughput techniques.
Condition Sample DEPs References
Azoospermia Seminal plasma CLU, AZGPI1, PAEP, APCS, NPC2, CRISP1 and SOD1 [29]
Seminal plasma STAB2, CP135, GNRP, PIP, NPC2 [30]
Seminal plasma LDHC, SPAG11B, MUCI5, TEX101 and CEL [31]
Seminal plasma COL6A2, GGT7, SORD, PGK2, LDHC, ZPBP2 and ELSPBPI [79]
Asthenozoospermia Spermatozoa COX6B, HISTIH2BA and HSPA2 [35]
Spermatozoa COX6B and HSPA2 [34]
Oligoasthenozoospermia Seminal plasma TBCB, AACT and ALDR [39]
[41]

Seminal plasma

CST3, AZGP1, TIMP1, SEMGI, and KLK3

AACT, al-antichymotrypsin; ALDR, aldose reductase; APCS, amyloid P component, serum; CEL, carboxyl ester lipase; CP135, centrosomal
protein 135; COL6A2, collagen type VI a2 chain; COX6B, cytochrome C oxidase subunit 6B; ELSPBP1, epididymal sperm-binding protein 1;
GGT7, y-glutamyltransferase 7, GNRP, guanine nucleotide-releasing protein; HISTIH2BA, histone cluster 1 H2B family member A; LDHC,
lactate dehydrogenase C; MUCI1S5, mucin 15, cell surface associated; SORD, sorbitol dehydrogenase; SPAG11B, sperm-associated antigen 11B;
STAB2, stabilin 2; TBCB, tubulin-folding cofactor B; TIMPI, tissue inhibitor of metalloproteinase 1.

due to disturbance in the spermatozoa at a molecular
level. Nitric oxide metabolism involved in the generation
of ROS was activated in patients with varicocele [45],
whereas varicocelectomy increased the expression of
HSP family A (HSP70) member 5 (HSPAS), superoxide
dismutase 1 (SOD1) and ATP synthase, H+ transport-
ing, mitochondrial F1 complex, delta subunit (ATP5D)
in spermatozoa [46]. Seminal plasma proteins [calcium
binding protein (CAB45) and cysteine-rich secretory
protein 3 (CRISP3)] also showed altered expression in
patients with varicocele [47].

Extensive research has been carried out at our labora-
tory to decipher the role of DEPs in patients with both
unilateral and bilateral varicocele. All these proteins
were involved in spermatogenesis, mitochondrial dys-
function, energy metabolism, and acrosome reaction
[48-51]. Comparative proteomic analysis identified 58
DEPs in bilateral varicocele [48] and 38 proteins were
unique in patients with unilateral varicocele [50].
Another study comparing patients with unilateral and
bilateral varicocele predicted glutathione S-transferase
mu 3 (GSTM3), sperm protein associated with the
nucleus, X chromosome, family member Bl
(SPANXBI), Parkinson disease protein 7 (PARK?7),
proteasome subunit a8 (PSMAS), dihydrolipoamide
dehydrogenase (DLD), SEMG1, and SEMG?2 as poten-
tial biomarkers to differentiate unilateral from bilateral
varicocele [48]. Network and pathway analysis was able
to show that 87% of the DEPs involved in major energy
metabolism were associated with mitochondrial dys-
function [48]. A list of potential biomarkers in different
varicocele conditions is provided in Table 2
[13,41,48,49,66,80].

OS due to increased production of ROS in semen is
the most cited cause of infertility [52—54]. Excessive pro-
duction of ROS including the hydroxyl radical, peroxyl
radicals, nitrous oxide, and nitroxyl anions results in
prolonged OS, which can result in DNA damage
[55-60]. High levels of oxidants also negatively impact
sperm motility, count, morphology, and viability

[4,61]. OS affects the stress responses and regulatory
pathways in seminal plasma, as well as metabolic and
stress responses in spermatozoa [17]. Sharma et al. [40]
conducted proteomic studies on ROS-positive and -
negative patients and proposed several potential
biomarkers in both spermatozoa and seminal plasma
(Table 2). Important proteins such as fibronectin 1
(FN1), macrophage migration inhibitory factor (MIF)
and LGALS3BP were absent in the ROS-positive group
but present in the ROS-negative group. However, in the
seminal plasma, membrane metalloendopeptidase
(MME) protein was absent in the ROS-negative group.
A study by Intasqui et al. [62] suggested mucin 5B, oli-
gomeric mucus/gel-forming (MUCS5B) as a potential
biomarker in patients with OS with high lipid
peroxidation.

Nuclear DNA damage to the spermatozoa affects the
fertilisation process due to alteration in the sperm pro-
teome. Intasqui et al. [63] reported 23 and 71 overex-
pressed proteins in spermatozoa with high and low
DNA damage, respectively. Overexpression of proteins
had an impact on the triacylglycerol metabolism, energy
production, protein folding, response to unfolded pro-
teins, and cellular detoxification process. Certain pro-
teins such as solute carrier family 2 member 14
(SLC2A14), phosphoglycerate kinase 2 (PGK2), outer
dense fibre of sperm tails 1 (ODF1), CLU, voltage-
dependent anion channel 2 (VDAC2), VDACS3, zona
pellucida binding protein 2 (ZPBP2), and gastricsin
(PGC) were identified as potential biomarkers. How-
ever, only nine and 21 proteins in the seminal plasma
were differentially expressed in samples with low and
high sperm DNA fragmentation, respectively [64].
Cysteine-rich secretory protein LCCL domain-
containing 1 (CRISPLDI1), CRISPLD2, and retinoic
acid receptor responder protein 1 (RARRESI) were
identified as seminal plasma biomarkers and proteasome
subunit o type A signalling was hyper-regulated affect-
ing sperm motility, acrosome reaction, and capacitation
[65,66].
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Table 2 Identification of DEPs involved in male reproductive disorders and dysfunction using high-throughput techniques.
Condition Sample DEPs References
Varicocele Spermatozoa ~ TEKT3 and TCP11 [48]

HSPA2, ODF2, CCT6B [49]
(O] Spermatozoa HIST1H2BA, MDH2, TGM4, GPX4, GLUL, HSP90B1, HSPAS [80]
Spermatozoa CLGN, TPPII, DNAI2, EEA1, HSPA4L, SERPINAS [13]
Seminal PIP, SEMG2, ACPP, CLU, AZGP1, KLK3, CST4, ALB, LTF, FN1, MIF, [41]
plasma LGALS3BP
Mitochondrial Seminal ANXA7T [66]
dysfunction plasma
Spermatozoa NDUFSI, UQCRC2, ACO2, NAD, IDH3B, OGDH [49]

ACO?2, aconitate hydratase; ALB, albumin; CCT6B, chaperonin containing t-complex protein 1 subunit 6; CLGN, calmegin; CST4, cystatin S-
type 4; DNAI2, dynein axonemal intermediate chain 2; EEA1, early endosome antigen 1; GLUL, glutamate-ammonia ligase; GPX4, glu-
tathione peroxidase 4; HSPA4L, HSP Family A (Hsp70) Member 4 Like; HSP90B1, HSP 90 f Family Member 1; IDH3B, isocitrate dehy-
drogenase (NAD) subunit B; LTF, lactotransferrin; MDH?2, malate dehydrogenase 2; NAD, nicotinamide adenine dinucleotide; NDUFSI1,
NADH:ubiquinone oxidoreductase core subunit S1; OGDH, 2-oxoglutarate dehydrogenase; SERPINAS, serpin family A member 5; TCP 11,
T-complex protein 11; TEKT3, tektin 3; TGM4, transglutaminase 4; TPPII, tripeptidyl peptidase 2; UQCRC2, complex-III cytochrome b-cl

complex subunit 2.

Mitochondrial dysfunction is a result of the distur-
bance in the electron transport chain and energy meta-
bolism process of the spermatozoa. Mitochondrial
proteins play a major role in maintaining energy home-
ostasis of spermatozoa and its activity level determines
normal sperm function. Annexin A7 (ANXA?7) is a pro-
posed biomarker for sperm mitochondrial dysfunction
disorder [66]. Mitochondrial dysfunction of sperm is
more prominent in varicocele and it is implicated by
alteration in the proteins involved in mitochondrial elec-
tron transport complex, energy metabolism, and sperm
motility [48].

Miscellaneous causes include those related to andro-
gen deficiency, in which AZGP1, ACPP and PIP pro-
teins involved in the catalytic and binding activities
were found to be absent in androgen-deficient patients
[67]. A study by Pixton et al. [68] identified that PIP
and ODF?2 proteins were overexpressed in spermatozoa
that were unable to fertilise an oocyte. Whereas an
inflammatory condition of epididymis known as epi-
didymitis affected the expression of 35 sperm proteins
[69].

A recent in vitro study conducted on spermatozoa to
check the effect of harmful xenoestrogen bisphenol-A
revealed a change in the sperm proteome. A set of 24
proteins were differentially expressed on exposure to
bisphenol-A and were involved in the activation of sev-
eral kinase pathways in spermatozoa [70].

Male reproductive cancer

Fertility preservation has become an essential process in
patients being treated for cancer. Generally, sperm con-
centration is low in ~50% of patients with testicular
cancer and 40% of patients with Hodgkin’s disease.
Infertility is one of the noted side-effects of cancer treat-
ment. Cancer treatment causes severe damage to the
gonads and DNA of germ cells, thus affecting the fertil-

isation process. Cancers related to the reproductive sys-
tem not only decrease the immunity of the system, but
also have harmful effects on spermatogenesis [71]. Anal-
ysis of human testicular tissue wusing 2D-high-
performance liquid chromatography—MS/MS detected
that out of 7346 proteins, transmembrane protease, ser-
ine 12 (TMPRSS12); tubulin polymerisation promoting
protein family member 2 (TPPP2); protease, serine 55
(PRSSS55); doublesex and mab-3 related transcription
factor 1 (DMRTI1); piwi-like RNA-mediated gene
silencing 1 (PIWIL1), and hemogen (HEMGN) were
associated with cancer [72]. Our laboratory was the first
to identify 398 DEPs [including the overexpression of
PSA, prostatic acid phosphatase (PAcP), zinc o2-
glycoprotein (ZAG), and SEMG1 and SEMG?2, as well
as under expression of A-kinase anchoring protein 4
(AKAP4) and dynein axonemal heavy chain 17
(DNAH17)] in patients with testicular cancer using a
global proteomic approach. Mitochondrial dysfunction,
oxidative phosphorylation, and tricarboxylic acid cycle
were the major pathways dysregulated in the spermato-
zoa of patients with testicular cancer [73].

Biomarker identification and diagnostic approach

Biomarker screening and identification is a laborious
process and the most important task that needs to be
accomplished for the development of novel diagnostics
or therapeutics. Biomarkers are biomolecules present
in body fluids and alteration in their concentration or
expression is indicative of a pathophysiological state.
It is used as a tool for predicting prognosis, diagnosis,
and treatment outcomes [74]. In the past two decades,
molecular biomarkers have gained importance in the
field of medicine as diagnostic molecules due to their
specificity, detectability, and availability for identifica-
tion in the early stages of cellular or tissue damage
[75]. The translational research platform has improved
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much with the use of biomarkers in clinical diagnosis
and treatment.

The main challenge faced in the field of male infertil-
ity is to understand the subcellular changes or causes
that affect physiological function of spermatozoa due
to its complex biological system. Proteomics has proven
to be a promising tool for discovering biomarkers
related to male infertility. Analysis of proteomic data
using bioinformatics tools provides functional informa-
tion about the proteins regulating biological pathways
related to reproductive function [76]. Clinical sperm pro-
teomics serves as a useful platform and scientists have
discovered various potential molecular biomarkers asso-
ciated with various disorders of male infertility.

Future of proteomics in male infertility

The future of proteomics in male infertility depends on
overcoming the limitation in analysing semen samples.
High-throughput sperm proteomic studies have certain
limitations due to the complexity of the sample. It is well
explained by the presence of highly abundant proteins
such as SEMGs, particularly in the seminal plasma
[45,64]. These highly abundant peptides mask the detec-
tion of other proteins analysed by MS. Therefore, a
rapid increase in sensitivity and resolution of analytical
techniques is required [77,78]. Integration of the other
‘omics’ (transcriptomics and metabolomics) with pro-
teomics should interlink the pathways affected in sper-
matozoa and provide unbiased results. Apart from the
discoveries in basic research, its purpose is fulfilled by
translating these findings into a clinical setting.

Conclusion

Proteomic studies on the highly differentiated spermato-
zoa have evaluated the proteins involved in infertility
conditions. Most of the DEPs in infertile patients alter
normal sperm function at a molecular level. Validation
and screening of the identified potential protein biomar-
ker using Western blot and ELISA will further
strengthen the biomarker confirmation for a specific
infertility condition. Furthermore, it will benefit infertile
couples with personalised treatment by biomarker
screening in patients. Finally, the use of all omic-based
platforms in diagnosing male infertility will have a max-
imum clinical impact.
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