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Abstract: Antioxidant supplementation in idiopathic male infertility has a beneficial effect on semen
parameters. However, the molecular mechanism behind this effect has not been reported. The
objective of this study was to evaluate the sperm proteome of idiopathic infertile men pre- and
post-antioxidant supplementation. Idiopathic infertile men were provided with oral antioxidant
supplementation once daily for a period of 6 months. Of the 379 differentially expressed proteins
(DEPs) between pre- and post-antioxidant treatment patients, the majority of the proteins (n = 274)
were overexpressed following antioxidant treatment. Bioinformatic analysis revealed the activation
of oxidative phosphorylation pathway and upregulation of key proteins involved in spermatogenesis,
sperm maturation, binding of sperm, fertilization and normal reproductive function. In addition,
the transcriptional factors associated with antioxidant defense system (PPARGC1A) and free radical
scavenging (NFE2L2) were predicted to be functionally activated post-treatment. Key DEPs, namely,
NDUFS], CCT3, PRKARA1 and SPA17 validated by Western blot showed significant overexpression
post-treatment. Our novel proteomic findings suggest that antioxidant supplementation in idiopathic
infertile men improves sperm function at the molecular level by modulating proteins involved in
CREM signaling, mitochondprial function and protein oxidation. Further, activation of TRiC complex
helped in nuclear compaction, maintenance of telomere length, flagella function, and expression of
zona pellucida receptors for sperm—-oocyte interaction.
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1. Introduction

Despite advances in the field of male reproductive health, idiopathic male infertility remains a
challenging condition to diagnose and manage. Idiopathic male infertility is defined as the presence of
altered semen characteristics without an identifiable cause and the absence of female factor infertility [1].
Increasing evidence suggests that oxidative stress (OS) plays a pivotal role in the etiology of male
infertility [2-5]. Approximately 30% to 80% of infertile men having elevated seminal reactive oxygen
species (ROS) levels suffer from a condition known as male oxidative stress infertility (MOSI) [1] which
impacts 37 million men with idiopathic infertility.
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Increased OS has deleterious effects on semen parameters such as sperm concentration, motility
and progressive motility [6,7] and it also induces sperm DNA fragmentation (SDF) [2,8-10] resulting in
male infertility. Endogenous antioxidants act on excess seminal oxidants to reduce the OS. In idiopathic
male infertility cases, antioxidant supplementation is one of the treatment choices. Several studies
have reported the beneficial effect of antioxidants on semen parameters. Oral intake of individual
antioxidants or a combination of several antioxidants such as L-carnitine, selenium, N-acetyl-cysteine,
Coenzyme Q10, ubiquinol, vitamin E, vitamin C, and lycopene have led to improvement in semen
parameters and sperm DNA integrity of idiopathic infertile men [11-15].

Recently, Arafa et al. investigated the effect of 'FH PRO for Men’ antioxidant in 148 randomly
selected idiopathic infertile men attending the clinic whose partners had failed to conceive for at least 12
months (mean infertility duration of 5.9 + 4.2 years in the age group of 35.9 + 0.5 years and body mass
index of 29.6 + 0.4 kg/mz). Post antioxidant treatment, the patients showed an 37.52% (p < 0.05) increase
in sperm concentration while total motility, progressive motility and normal morphology showed
11.22% (p < 0.05), 101.50% (p < 0.05) and 39.16% (p < 0.05) augmentation, respectively. On the other
hand, a 17.06% (p < 0.05) and 39.47% (p < 0.05) decline was observed for sperm DNA fragmentation
and static oxidation-reduction potential (sORP). No complications/side effects were reported in any of
the participants [16]. Likewise, a study by Gharagozloo et al. on an antioxidant supplement, Fertilix®
(combined antioxidant formulation) involving established mouse models of oxidative stress such as
scrotal heat shock and GPx5 knockout mice have shown protection against oxidative DNA damage and
antioxidant gene expression in cauda epididymal spermatozoa as well as pregnancy rate [17]. However,
the molecular mechanism(s) behind such changes in human spermatozoa have not been reported.

Proteomics has emerged as an important tool to profile sperm proteins. High throughput
techniques such as LC-MS/MS are able to effectively profile the proteins present in the spermatozoa [18]
and identify its role in regulating molecular mechanisms associated with sperm function such as
capacitation, hyperactivation, acrosome reaction and fertilization process [19]. Earlier proteomic studies
have identified the dysregulation of proteins associated with reproductive function in spermatozoa
of men with seminal oxidative stress [20,21]. To our knowledge, this is the first study on the
effect of antioxidant treatment on the sperm proteome of idiopathic infertile men. The objectives
of this study were, (1) to evaluate the sperm protein profile of idiopathic infertile men pre- and
post-antioxidant supplementation, and (2) to validate the proteins associated with the fertilization
process using the conventional Western blot technique and correlate these findings with the improved
seminogram post-treatment.

2. Materials and Methods

2.1. Study Design and Subjects

A prospective case controlled study was approved by Institutional Review Board (Permit #15-1006)
and carried out at the American Center for Reproductive Medicine, Cleveland Clinic. A written consent
was obtained from all the participants enrolled between February 2017 and January 2019.

The present study was conducted based on the experimental design, patient selection criteria
and antioxidant formulation as reported by Arafa et al. [16] to gain an in-depth understanding of the
mechanism of action of the antioxidant formulation against idiopathic infertility. A shotgun proteomic
approach was adopted to unravel the mechanistic pathway responsible for improving semen quality.
The sample size for this high throughput proteomic study was justified according to Clough et al.
whereby to maintain biological variability, semen samples from eight (1 = 8) idiopathic infertile men
were randomly drawn from the cohort [22]. Pilot studies on sperm proteome from our lab revealed no
significant intra- and inter-sample variation in the number of sperm proteins detected within a group
(Figure 1). To maintain biological variability, we included two individual samples and one pooled
sample (from three different individuals) that were run in triplicate to maintain technical variability
as per the practice in studies involving high throughput omics technologies. For validation studies
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by Western blotting, all the eight individual patient samples were used. Patients were provided with
‘FH PRO for Men’ antioxidant capsules (1000 mcg B12, 30 mg zinc, 140 mcg selenium, 350 mg arginine,
2000 mg, 200 mg Co-Q10, 120 mg vitamin C, 200 IU vitamin E) (Fairhaven Health, Bellingham, WA,
USA) for a period of six months. Patients were advised not to change their diet and life style during the
course of the study. Semen samples were collected pre- and post-antioxidant supplementation. Two
semen samples (one week apart) were collected from each patient prior to the start of the antioxidant
treatment and another two samples were collected similarly from the same individual after the
completion of the antioxidant treatment.
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Figure 1. (a) A schematic representation of the overall experimental design that was used to identify
the proteomic changes associated with antioxidant (‘'FH PRO for men’) treatment in idiopathic infertile
patients. N1 and N2 represent individual patient samples and the pooled sample is from three different
individuals normalized for sperm concentration. Each sample was run in triplicate on one-dimensional
SDS-PAGE gels and subjected to in-gel trypsin digestion. The soluble proteins were extracted, reduced,
alkylated, and analyzed using liquid chromatography-tandem mass spectrometry. (b) Histogram
showing homogeneity in the number of proteins identified in individual samples run in triplicate.
GI1NT1 1-3: Gel-1 N1 (replicate 1-3); GIN2 1-3: Gel-1 N2 (replicate 1-3); GIN3 1-3: Gel-1 pooled sample
(replicate 1-3); G2N1 1-3: Gel-2 N1 (replicate 1-3); G2N2 1-3: Gel-2 N2 (replicate 1-3); G2N3 1-3: Gel-2

pooled sample (replicate 1-3).
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Subjects included in the current study had at least one abnormal semen parameter (i.e., sperm
concentration <15 X 10° sperm/mL, motility <40%, sperm vitality <58%, normal sperm morphology
<4%), according to World Health Organization (WHO) 2010 guidelines [23]. Patients with recurring
fever 90 days prior to semen analysis were excluded from the study. Similarly, men with
leukocytospermia (as identified by a positive Endtz test), azoospermia, severe oligozoospermia
(<5 million spermatozoa/mL) were excluded from the study. Infertile men with genetic defects and
infection of the reproductive tract as diagnosed by andrological examination were excluded in the
present study. Study participants with a history of erectile dysfunction, systemic illness, inflammation
of the reproductive or urinary tract (orchitis, epididymitis, urethritis, and testicular atrophy), and
sexually transmitted diseases were also excluded. Female partners of these infertile men were reported
as having normal reproductive health following general gynecological evaluation.

2.2. Semen Analysis and Processing of Semen Samples

Semen samples were collected following 2-3 days of sexual abstinence. Samples were allowed to
liquefy completely for 20-30 min at 37 °C. Macroscopic semen parameters such as volume, color, pH,
and viscosity were measured. For hyperviscous samples, viscosity was broken down mechanically
by repeated pipetting. Proteolytic enzymes were not used to treat viscosity as they interfere with
proteomic analysis [24]. Semen volume, sperm motility, concentration and morphology were evaluated
according to the World Health Organization (WHO) 2010 guidelines [23]. After semen analysis, samples
were processed using a 65% single gradient centrifugation. Briefly, liquefied semen was overlaid on
the 65% gradient solution and then centrifuged at 300 g for 20 min. The seminal plasma was carefully
discarded. The white buffy coat ring (containing round cells, debris, and leukocytes) formed between
the seminal plasma and the gradient was also removed and discarded. Finally, the gradient containing
the spermatozoa was diluted in phosphate buffered saline (PBS) and subsequently centrifuged at 3000 g
for 15 min. The resulting sperm pellet, which was free from any round cells, was stored at —80 °C.

2.3. Sperm Protein Extraction and Quantification

Proteomic profiling of sperm samples was performed using liquid chromatography-tandem mass
spectrometry before and after antioxidant treatment. The samples were analyzed in compliance with
the Minimum Information about a Proteomics Experiment (MIAPE) guidelines of the Human Proteome
Organization’s Proteomics Standards Initiative (HUPO-PSI) for reporting proteomics studies [25]. The
sperm pellet was washed four times with phosphate buffered saline (PBS; Irvine Scientific, Santa Ana,
CA, USA) and centrifuged at 4000x g for 10 min, at 4 °C. Radio-immunoprecipitation assay (RIPA;
Sigma-Aldrich, St. Louis, MO, USA) buffer supplemented with Protease Inhibitor Cocktail, cOmplete™
ULTRA Tablets, EDTA-free (Roche, Mannheim, Germany) was added to the sperm pellet (100 pL
RIPA/10° sperm) and left overnight at 4 °C for cell lysis. The samples were centrifuged at 10,000% g for
30 min at 4 °C and the supernatant was then transferred to a new centrifuge tube. Protein quantification
in the fractions was performed using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions.

2.4. Liquid Chromatography-Tandem Mass Spectrometry

Firstly, all the samples were mixed with SDS Page buffer. Each sample was run in triplicates.
Protein samples were separated on a 1D gel. To elute the proteins from the gel, the bands from each
lane were cut and divided into several smaller pieces. The cut gel pieces were washed in H,O and then
dehydrated in acetonitrile. Further, these gel pieces were reduced and alkylated with dithiothreitol
and iodoacetamide respectively. In-gel digestion of the isolated proteins was done using trypsin (5 puL
10 ng/uL in 50 mM ammonium bicarbonate), followed by overnight incubation at room temperature to
allow digestion to reach completion. The next day, the peptides were eluted in 50% acetonitrile with
5% formic acid solution in two aliquots of 30 uL each. Both fractions were mixed and evaporated to
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<10 pL in Speedvac and then resuspended in 1% acetic acid to obtain a final volume of ~30 pL for
LC-MS analysis.

All the samples were analyzed using the Finnigan LTQ-Orbitrap Elite hybrid mass spectrometer
system. Dionex 15 cm X 75 um id Acclaim Pepmap C18, 2 um, 100 A reversed phase capillary
chromatography column was used to perform HPLC. Protein samples at five uL. volumes were
injected and the peptides eluted from the column by an acetonitrile/0.1% formic acid gradient at
a flow rate of 0.25 uL/min were introduced into the source of the mass spectrometer online. The
micro-electrospray ion source was operated at 2.5 kV. The digest was analyzed using the data dependent
multitask capability of the instrument to acquire a full scan mass spectra to determine the peptide
molecular weights and product ion spectra to identify the amino acid sequence of the peptide in
successive instrument scans. CID spectra from all the scans were collected and programs such as
Mascot and SEQUEST were used analyzed by conducting a search with the human reference sequence
databases (http://www.hprd.org/). Next, these search results were uploaded into the program Scaffold
(Proteome Software Inc., Portland, OR, USA; version 4.0.6.1). Based on the number of spectral counts,
the abundance of each protein in the pool was then classified as either very low, low, medium or high.
The normalized spectral abundance factor (NSAF) ratio was subsequently calculated to categorize the
expression profile of differentially expressed proteins (DEPs) as underexpressed, overexpressed or
unique to one of the groups, as previously described [21]. Different p-values were considered according
to the abundance of the proteins: (i) Very Low abundance: spectral count range 1.7-7; p < 0.001 and
NSAF ratio >2.5 for overexpressed, <0.4 for underexpressed proteins; (ii) Low abundance: spectral
count range 8-19; p < 0.01; and NSAF ratio > 2.5 for overexpressed, <0.4 for underexpressed proteins;
(iii) Medium abundance: spectral count range between 20 and 79; p < 0.05 and NSAF ratio >2.0 for
overexpressed, <0.5 for underexpressed proteins; (iv) High abundance: spectral counts > 80; p < 0.05
and NSAF ratio >1.5 for overexpressed, <0.67 for underexpressed proteins.

2.5. Bioinformatic Analysis

Functional pathway analysis of the DEPs was carried out using the Ingenuity Pathway Analysis
(IPA) (Qiagen, Hilden, Germany) software. This program allowed the evaluation of the top canonical
pathways, diseases and bio-functions, and upstream regulators related to the DEPs. Additionally,
Metacore™ analysis was carried out to identify the dysregulated pathways in idiopathic infertile men.

2.6. Protein Selection and Validation by Western Blot

To distinguish the expression of sperm proteins in pre- and post-antioxidant treated patients in the
setting of fertility potential, sperm proteins related to reproductive function were selected for validation
by Western blot (WB). The criteria applied for the selection of DEPs for validation by WB were as
follows: (i) proteins involved in the development and function of the reproductive system; (ii) proteins
involved in the top canonical pathways; (iii) proteins with well-described functions in literature. Four
proteins (NDUFS1, CCT3, PRKAR1A and SPA17) were chosen for validation by WB in individual
samples from the pre-antioxidant treatment group. A total of 20 ug of protein per sample was first
loaded into a 4%—15% SDS—-PAGE for 2 h at 90 V. Next, the resolved protein bands were transferred
onto polyvinylidene difluoride (PVDF) membranes, and for each protein analysis, specific primary
antibodies were incubated at 4 °C overnight. The membranes were incubated with the secondary
antibody at room temperature for 1 h and finally reacted for 5 min with enhanced chemiluminescence
(ECL) reagent (GE Healthcare, Marlborough, MA, USA). To detect the chemiluminescence signals, the
membranes were exposed to ChemiDoc (ChemiDocTM MP Imaging System, Bio-Rad, Hercules, CA,
USA). All the PVDF membranes used for protein identification were exposed to total protein staining.
The membranes were briefly washed twice for 10 min in distilled water and stained with total colloidal
gold protein stain (Bio-Rad) for 2 h at room temperature by gentle shaking. Stained membranes were
washed twice with distilled water for 10 min, and the densitometry image was captured using the
colorimetric mode on ChemiDoc (ChemiDocTM MP Imaging System, Bio-Rad).
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3. Results

3.1. Proteomic Profile of Spermatozoa

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) detected a total of 1978 proteins
in the pre-antioxidant treatment group and 2053 proteins in the post-antioxidant treatment group.
From a total of 2137 proteins present in both the groups, 379 proteins were identified as DEPs (Figure 2,
Supplementary Table S1). Furthermore, 248 and 99 DEPs were over-expressed and under-expressed
respectively in the post-antioxidant treatment group. Whereas, six DEPs were unique to pre-antioxidant
treatment group and 26 DEPs were unique to post-antioxidant treatment group (Figure 3a). The
abundance of the DEPs between both the groups are depicted in Figure 3b.

\diopathicinfertile |/ { DEPs
Men (n=5) ! \ ; 7 _ (n=379) 4
Post-antioxidant | /

treatment
Proteins (n=2053)

Figure 2. The number of sperm proteins identified in pre-and post-antioxidant treatment groups.
Semen sample from 5 patients were used for the analysis in which two were individual sample while
the third was a pooled sample from three different individuals.
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Figure 3. (a) The number and (b) abundance of differentially expressed proteins identified in
spermatozoa of idiopathic infertile patients pre-and post-antioxidant treatment.

3.2. Functional Annotation and Pathway Analysis

IPA analysis revealed that elF2 Signaling (endoplasmic reticulum stress) mitochondrial function,
oxidative phosphorylation and protein ubiquitination were among the top ten enriched canonical
pathways (Figure 4). In addition, the transcriptional factors (TFs) associated with sperm motility and
capacitation (PPARGC1A), and free radical scavenging system (NFE2L2 and HSF2) were predicted to
be activated in the spermatozoa of idiopathic infertile men post-antioxidant treatment after upstream
transcriptional regulator analysis (Figure 5). The majority of the DEPs under the regulation of these
TFs were overexpressed.



Antioxidants 2019, 8, 488

7 of 17

EIF2 Signaling

Mitochondrial Dysfunction

Oxidative Phosphorylation

Protein Ubiuitination Pathway

Regulation of elF4 and p70S6K Signaling
mTOR Signaling

Sirtuin Signaling Pathway

Phagosome Maturation

Unfolded Protein Response

Sirtuin Signaling Pathway

10 20
-log(p-value) °CCF 2019

Figure 4. Top ten enriched canonical pathways in idiopathic infertile men post-antioxidant treatment.
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Figure 5. Predicted transcription factors PPARGC1A, NFE2L2 and HSF2 regulating the DEPs in

idiopathic infertile men post-antioxidant treatment.

Transcriptional regulatory network analysis of the DEPs using Metacore™, revealed overexpression
of 4 proteins, namely, PRKAR1A and PRKAR2A, PRKACA and LDHC in cAMP responsive element
modulator (CREM) signaling in the testis of post-antioxidant treatment group (Figure 6).
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3.3. Effect of Antioxidant Treatment on Redox Regulation and Reproductive Function

Functional analysis identified that the proteins associated with sperm function and fertilization
process were altered and the majority of the DEPs were overexpressed in post-antioxidant treatment
group (Table 1). IPA analysis identified that the oxidation of protein pathway was inhibited due to
overexpression of HSPA4 (4.08 folds), ALDH1A1 (10.32 folds) and PARK? (2.69 folds) proteins in
the post-antioxidant treatment group of idiopathic infertile men (Figure 7). Similarly, the proteins
associated with the response to hypoxia and oxidative stress processes such as COX1 (-1.57 folds),
GPX4 (—1.40 folds), GSTO2 (-2.59 folds) were underexpressed, whereas PRDX5 (1.47 folds) was
overexpressed in the post-antioxidant treatment group. In addition, molecular functions associated
with cellular processes such as cell death, necrosis and apoptosis showed a decreased state of activation
in spermatozoa of idiopathic infertile men following antioxidant treatment (Table 2). Furthermore,
bioinformatics analysis also revealed that the proteins associated with the molecular pathways such as
mitochondrial function and stabilization of proteins were overexpressed in post-antioxidant treatment
group (Table 3).
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Figure 6. Activation of CREM signaling pathway in spermatozoa of idiopathic infertile patients
post-antioxidant treatment.

Table 1. Overexpressed proteins in the process related sperm function and fertilization in spermatozoa
of idiopathic infertile men post-antioxidant treatment.

Function Proteins (Expression Fold Change)

CCT2 (2.23), CCT3 (1.93), CCT4 (2.38), CCT5 (2.49), CCT6A (2.92), CCT7
(1.94), CCT8 (2.28), SPA17 (8.81), TCP1 (2.30)

Fertilization LDHC (3.12), PARK7 (2.69), PRKACA (2.53), SPA17 (8.81), SPESP1 (3.89)
Maturation of sperm CLU (2.36), TPP2 (5.30)

CCT6B (2.64), DPCD (2.72), HSPA4 (4.08), HSPA4L (3.80), IMMP2L
(3.03), NPEPPS (4.16), PDILT (3.69), SPA17 (8.81), TCP1 (2.30)

Binding of sperm

Spermatogenesis
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Figure 7. Inhibition of the oxidation of protein pathway in spermatozoa of idiopathic infertile patients

post-antioxidant treatment.

Table 2. Activation state of the cellular pathways in spermatozoa of idiopathic infertile men
post-antioxidant treatment.

Cellular Pathways # of DEPs Activation State Z-Score
Cell death 142 Decreased —4.786
Necrosis 124 Decreased —4.877
Apoptosis 89 Decreased —3.748

Table 3. Overexpressed sperm proteins associated with molecular pathways in post-antioxidant

treatment group.

Function/Pathways Proteins (Expression Fold Change)

ACO2 (1.51), ATP5F1A (1.81), ATP5F1B (2.76), ATP5F1C
(2.12), ATP5F1D (8.05), ATP5MG (2.57), ATP5PD (2.82),
Mitochondsial function ATP5PO (2.19), CYCS (2.89), HSD17B10 (1.70), NDUFA6
(2.70), NDUFA9 (2.49), NDUFA13 (3.30), NDUFBS5 (2.99),
NDUFS! (1.83), NDUFSS (3.70), PARK? (2.69), PRDX5
(2.78), UQCRB (2.04)

APOA1 (4.88), CALR (1.73), CCT2 (2.23), CCT3 (1.93),
CCT4 (2.38), CCT5 (2.49), CCT6A (2.92), CCT7 (1.94), CCT8
Stabilization of proteins (2.28), CLU (2.36), HSPD1 (3.26), PARKY (2.69), PHB (3.82),
PHB2 (3.32), RPL11 (2.66), RPL5 (2.59), RPS7 (6.00), STX12
(2.84), TCP1 (2.30)

3.4. Selection and Validation of Expression Profile of Proteins by Western Blot

The proteins were selected for validation based on their association with the vital pathways/
processes dysregulated in idiopathic infertile men related to sperm function. Four selected proteins
NDUFS1, CCT3, PRKAR1A, and SPA17 were validated using Western blot in both pre- and
post-antioxidant treated idiopathic infertile men. Western blot validation revealed overexpression
of NDUFS1 (4.75 fold change, p = 0.0185), CCT3 (4.93 fold change, p = 0.0231), PRKAR1A (5.58 fold
change, p = 0.0314) and SPA17 (16.85 fold change, p = 0.0004) in post-treatment group (Figure 8).
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Figure 8. Expression profile of differentially expressed sperm proteins (Western blot) in spermatozoa of
idiopathic infertile patients pre- (n = 8) and post-antioxidant treatment (n = 8). (a) NDUFS1, (b) CCT3,
(c) PRKAR1A and (d) SPA17.

4. Discussion

Seminal oxidative stress (OS) results from increased ROS and is considered as a common convergent
point of numerous etiologies of male reproductive dysfunction. Endogenous antioxidants maintain
the seminal redox balance by scavenging excess ROS [26] and disruption in the intricate balance
between these antioxidants and oxidants leads to OS. Therefore, the antioxidant defense system plays
a key role in maintaining the seminal redox balance critical for proper male reproductive functions.
Oxidative stress is observed in the semen of 30% to 80% of idiopathic infertile men [1]. Therefore, it is
pertinent to recommend antioxidant therapy as a treatment modality for these infertile men. In fact,
antioxidants given individually or in combination as oral dietary supplements have been shown to
significantly improve semen quality in idiopathic interfile men [4,15,27]. Recent clinical trials using a
combination antioxidant supplement (‘FH PRO for Men’) in idiopathic infertile men showed significant
improvement in overall semen parameters [16,28]. Although antioxidants have been reported to
have a beneficial effect on sperm parameters, it is essential to understand the mechanisms/pathways
implicated in the observed effects on spermatozoa following antioxidant supplementation. In the
current study, we utilized the LC-MS/MS platform to profile the maximum number of sperm proteins in
idiopathic infertile men pre- and post-antioxidant treatment ('FH PRO for Men’) in order to understand
the mechanism(s) by which the antioxidant supplement improves semen parameters. Furthermore,
the proteins associated with reproductive function and the fertilization process were validated using
the WB technique.

Oxidative stress has an adverse effect on the sperm proteome. Earlier proteomics studies showed
that proteins associated with spermatogenesis, spermatid development, oxidative stress regulation,
protein folding, and protein modifications were dysregulated in infertile men with high levels of
seminal ROS [20,29]. In the current study, we observed an overexpression of 248 proteins at the
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molecular level in idiopathic infertile men treated with ‘'FH PRO for Men’ (Figure 2). The overexpressed
proteins were found to be under the regulation of TFs PPARGC1A and NFE2L2 (Figure 4). PPARGC1
is a transcription co-activator that mediates the activation of antioxidant defense systems and is
mainly involved in the detoxification of the ROS [30]. Similarly, NFE2L2 is a transcriptional activator
of cellular anti-oxidant enzymes and was activated in fertile men with high antioxidant defense
mechanisms [31]. Since transcription and translation are almost silent in ejaculated spermatozoa, it
was hypothesized that overexpression of DEPs under the regulation of PPARGC1 and NFE2L2 are a
manifestation of upregulation in the activities of these transcription factors during spermatogenesis.
Therefore, activation of PPARGC1A and NFE2L2 in the post-treated group of idiopathic infertile men
indicates that ‘FH PRO for Men’ modulates the expression of proteins involved in the antioxidant
defense mechanism and has a beneficial effect at the subcellular level to counteract and protect the
spermatozoa from oxidative stress. Furthermore, the use of antioxidants had a positive effect on the
response to hypoxia and the oxidative stress pathway in sperm of idiopathic infertile men. Testicular
hypoxia disturbs the homeostasis and enhances production of ROS [32,33] and has an adverse effect
on sperm motility [34]. Proteomic analysis revealed the involvement of DEPs COX1, GPX4, GSTO2
and PRDX5 in hypoxia and oxidative stress pathway. COX1 is a component of the respiratory chain
and is involved in the oxidative phosphorylation pathway. COX1 levels are very high in oxidative
stress-mediated male infertility conditions [35,36]. Similarly, GSTO2 exhibits a glutathione-dependent
thiol transferase activity for xenobiotic metabolism and a high dehydroascorbate reductase activity
that may contribute to the recycling of ascorbic acid, thereby exhibiting an indirect antioxidant activity.
In mice, this enzyme is involved in nuclear decondensation during fertilization [37,38]. Whereas GPX4
has multiple molecular functions in the spermatozoa such as regulation of mitochondrial membrane
potential, chromatin decondensation and detoxification of phospholipid hydroperoxides [39]. Besides,
the moonlighting function of GPX4 (as an ROS metabolizing enzyme and structural protein), it is also
responsible for the maintenance of mitochondrial stability and consequent male fertility [40]. GPX4 is
also required for differential cell death decision in the testis [41] Sharma et al. reported that the levels of
GPX4 protein was upregulated in men with high seminal ROS [20]. On the other hand, PRDXS5 plays a
major role in the antioxidant defense mechanism in the sperm mitochondria [42]. In the current study,
the underexpression of COX1, GPX4, GSTO2 in post-antioxidant treated subjects indicates a reduced
state of hypoxia and overexpression of PRDX5 suggests an adaptive protective mechanism against
oxidative stress. Altogether, the antioxidant formulation present in ‘FH PRO for Men’ effectively
changes the expression of the sperm proteins that can counteract the oxidative stress in idiopathic
infertile men.

Mature sperm are transcriptionally and translationally inert and primarily depend on their
translated proteins for their biological functions [43]. Any defect in the structure or composition of
sperm proteins negatively affects its functions such as capacitation, hyperactivation, acrosome reaction
and fertilization [18]. Several proteomic studies have demonstrated that the proteins involved in the
vital function pathways or protein modification pathways of spermatozoa were dysregulated in male
infertility conditions [20,29,44—47]. In the antioxidant (‘FH PRO for Men’) treated group, we noticed
that the majority of the proteins, specifically chaperones and their associated factors that are involved
in stabilization of protein function, were overexpressed (Table 3). In addition, the ‘FH PRO for Men’
formulation was able to increase the expression of HSPA4, ALDH1A1 and PARKY?, which in turn may
protect the sperm proteome against oxidative damage.

Components of the molecular chaperone complex, TRiC (chaperonin-containing T-complex/TCP1
ring complex) such as CCT2, CCT3, CCT4, CCT5, CCT6A CCT7 and TCP1, that assists in the folding of
proteins upon ATP hydrolysis are overexpressed after ‘FH PRO for Men’ treatment suggesting better
mediation of sperm-oocyte interaction by proper presentation of ZP receptors [48]. The T-complex
protein 1 subunit zeta-2 (CCT6B) is also involved in protein (actin and tubulin) folding mediated by
cytoplasmic chaperonin containing TCP-1 and is highly expressed in the testis [49]. The gene products
of Bardet-Biedl syndrome (BBS) and McKusick-Kaufman syndrome (MKKS) are involved in vesicular
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trafficking in cilia or flagella. Disruptions of BBS or MKKS genes result in male infertility owing to
the failure of flagellum formation in spermatozoa. The chaperonin-containing T-complex/TCP1-ring
complex as part of the BBS/CCT complex may play a significant role in the assembly of BBSome, a
complex involved in ciliogenesis regulating transport of vesicles to the cilia. It also plays an important
role in the cytoskeletal organization during spermatogenesis. This TRiC complex is also confined
to nuclear heterochromatin and associated with nuclear compaction of the spermatozoa. The TRiC
complex mediates the folding of WRAP53/TCABI, thereby regulating telomere maintenance [50].
Telomere length in sperm increases with age. Telomere lengthening in human sperm seemingly arises
from the continued action of the enzyme telomerase that is expressed at high levels in spermatogonia.
Although sperm maintain a longer average telomere length, sperm telomere length varies among
individual males and individual spermatozoa [51]. Variation in sperm telomere length could result
from variable activity of telomerase and/or from the effects of oxidative stress, which results in
shortened telomeres. In sperm, compromised telomere length may contribute to segregation errors,
apoptosis with reduced sperm count, and reduced fertility [52,53]. To corroborate the facts, we observed
a significant reduction in expression of proteins involved in apoptosis pathway after antioxidant
treatment (Table 3). This clearly indicates that the ‘FH PRO for Men’ has a vital property to retain the
expression of the proteins associated with spermatogenesis, ciliogenesis, sperm cell maturation and
protein stabilization, and protects it from the oxidation process, thereby improving the semen quality
in idiopathic infertile men.

Organelles that are intact and functional reflect the fertility potential of the spermatozoa, of which
mitochondria, the powerhouse of sperm, deserves special mention. Mitochondrial dysfunction is
directly associated with male infertility issues [54]. ROS produced by mitochondria has a negative
impact on sperm plasma membrane and its sperm DNA integrity [5,55]. Mitochondrial dysfunction
also leads to cell death either by activating necrosis or apoptosis pathways [56,57]. Antioxidant
treatment in idiopathic infertile men that resulted in deactivation or inhibition of cellular pathways
such as cell death, necrosis and apoptosis were found to be deactivated or inhibited (Table 2). Earlier
proteomic studies have reported the alteration of mitochondrial proteins in oxidative stress-mediated
male infertility [45,58,59]. Underexpression of the mitochondrial proteins were especially prominent
in unexplained male infertility cases [44]. In our proteomics study, we have observed a state of
underexpressed mitochondrial proteins in spermatozoa of idiopathic male infertility cases and their
expression increased significantly after oral intake of ‘FH PRO for Men’ for a period of six months
(Table 2). Validation of the mitochondrial protein NDUFS1 using Western blot in both pre- and
post-antioxidant treated samples supports our proteomic findings. NDUFS] is an inner mitochondrial
membrane protein involved in the transfer of electrons in the oxidative phosphorylation process.
Overexpression of NDUFS1 suggests that the current antioxidant formulation has the capacity
to augment the activity of the mitochondrial complex I, one of the principal sites of superoxide
generation [60,61]. In addition, we have noticed that NDUFS1 is under the regulation of activated
transcriptional factor PPARGC1A involved in maintaining the redox balance. Hence, NDUFS1 may
serve as potential diagnostic biomarker to access the mitochondrial function in idiopathic infertile men
under the antioxidant treatment.

The fertility potential of men is directly related to their semen and/or sperm quality. Physiologically
normal spermatogenesis ensures the production of matured sperm that are able to bind and fertilize the
ova [62]. Defective spermatogenesis is a common cause of male infertility [63]. Kothandaraman et al.,
2016 reported that 135 genes/molecules were associated with the spermatogenesis process in idiopathic
male infertility cases [64]. Several other investigators have also demonstrated the dysregulation
of proteins associated with spermatogenesis in male infertility cases [64-66]. Recently, we have
demonstrated that proteins related to spermatogenesis were underexpressed in men with high seminal
ROS levels, suggesting the disruption of the spermatogenesis process that resulted in ROS-induced
infertility [29]. In the present study, antioxidant treatment resulted in the increased expression of proteins
associated with spermatogenesis, maturation of sperm, sperm-binding function and fertilization process
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(Table 3). Validation of SPA17 and CCT3 proteins using Western blot were in agreement with the
proteomic findings. SPA17 plays an important role in sperm motility and binds to the extracellular
matrix of the oocyte [67,68]. It was underexpressed in men with primary or secondary infertility [69]
and hence underexpression of SPA17 may affect sperm capacitation and sperm—oocyte binding in
idiopathic infertile men. In the present study, validation of underexpression of SPA17 in idiopathic
infertile men confirms the compromised spermatogenesis and fertilization processes in idiopathic
infertile men. Whereas, increase in the expression of SPA17 in these same patients following antioxidant
treatment indicates the role of antioxidants in the restoration of physiological spermatogenesis in
idiopathic infertile men. Furthermore, we have noticed the upregulation of PRKAR1A, PRKAR2A,
PRKACA, and LDHC in the CREM signaling pathway (Figure 5) post-antioxidant treatment. PRKAC
is the catalytic subunit, while PRKAR1A, PRKAR2A are regulatory subunits of the cAMP-dependent
protein kinases (PKA). The catalytic activity and subcellular localization of PKA depends on the
regulatory subunits. Both phosphorylation and oxidation regulate PKA activity. The free C-subunit
can be inactivated by oxidation of Cys199. This cysteine is competent to form an internal disulfide
with Cys in the C terminus or a mixed disulfide with glutathione, effectively inactivating the enzyme a
redox-sensitive manner [70]. Therefore, shifting of the oxidative predominance in idiopathic infertility
patients to a reducing one by ‘FH Pro for Men” antioxidant may improve PKA activity, thereby, enhance
cellular signaling. Additionally, heterozygotes for PRKAR1A are infertile and had lower sperm count
with morphologically aberrant spermatozoa [71]. It will not be out of context to mention here that,
defective expression of CREM results in an arrest of spermatid differentiation and apoptosis [72-74].
CREM element was deactivated in men with high seminal ROS [20].

5. Conclusions

In current medical practice, antioxidant therapy is widely used in the management of oxidative
stress-induced male infertility and idiopathic male infertility. However, its action at subcellular levels
remain unclear. This novel proteomic study helps to decipher the role of antioxidants in activating the
antioxidant defense mechanism at a subcellular level along with its beneficial effect on sperm proteins
essential for the fertilization process. Our proteomic findings suggest that sperm proteins NDUFS],
CCT3, PRKARIA and SPA17 can serve as potential biomarkers to monitor the effect of antioxidant
therapy in men with idiopathic infertility. Furthermore, these findings will serve to guide physicians
in determining better treatment options for the management of male infertility. A limitation of this
study is that the data on pregnancy outcome in these patients is not available. Future longitudinal
studies on pregnancy and live birth rates will further strengthen our findings.
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