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Abstract: The global trend of rising (male) infertility is concerning, and the unidentifiable causes
in half of the cases, the so-called unknown origin male infertility (UOMI), demands a better under-
standing and assessment of both external/internal factors and mechanisms potentially involved.
In this work, it was our aim to obtain new insight on UOMI, specifically on idiopathic (ID) and
Unexplained male infertility (UMI), relying on a detailed evaluation of the male gamete, including
functional, metabolic and proteomic aspects. For this purpose, 1114 semen samples, from males in
couples seeking infertility treatment, were collected at the Reproductive Medicine Unit from the
Centro Hospitalar e Universitario de Coimbra (CHUC), from July 2018-July 2022. Based on the
couples’ clinical data, seminal/hormonal analysis, and strict eligibility criteria, samples were catego-
rized in 3 groups, control (CTRL), ID and UMIL. Lifestyle factors and anxiety /depression symptoms
were assessed via survey. Sperm samples were evaluated functionally, mitochondrially and using
proteomics. The results of Assisted Reproduction Techniques were assessed whenever available.
According to our results, ID patients presented the worst sperm functional profile, while UMI pa-
tients were similar to controls. The proteomic analysis revealed 145 differentially expressed proteins,
8 of which were specifically altered in ID and UMI samples. Acrosin (ACRO) and sperm acrosome
membrane-associated protein 4 (SACA4) were downregulated in ID patients while laminin subunit
beta-2 (LAMB2), mannose 6-phosphate isomerase (MPI), ATP-dependent 6-phosphofructokinase liver
type (PFKAL), STAR domain-containing protein 10 (STA10), serotransferrin (TRFE) and exportin-2
(XPO2) were downregulated in UMI patients. Using random forest analysis, SACA4 and LAMB2
were identified as the sperm proteins with a higher chance of distinguishing ID and UMI patients, and
their function and expression variation were in accordance with the functional results. No alterations
were observed in terms of lifestyle and psychological factors among the 3 groups. These findings
obtained in an experimental setting based on 3 well-defined groups of subjects, might help to validate
new biomarkers for unknown origin male infertility (ID and UMI) that, in the future, can be used to
improve diagnostics and treatments.

Keywords: idiopathic male infertility; unexplained male infertility; sperm function; sperm
proteomics; biomarker
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1. Introduction

Currently affecting about 1 in 6 couples worldwide, infertility is a disease with an
alarming increasing trend [1] that, for many couples, is more than the non-realization of
essential human rights, namely, to decide if, when and how many children they want to
father. In fact, this disease has a great social impact, not to mention the psychological
distress withstood, which can further contribute to the couple’s inability to conceive, and
the heavy financial burden that it might imply [2—4].

Male factor alone can contribute to up 20-30% of the cases of infertility, that when
associated with female factors, rises up to 50% [5]. The main known causes for male
infertility are urogenital and genetic anomalies, genital tract infections, endocrine disorders
and immunological factors [6-8]. However, some patients present unknown origin male
infertility (UOMI) [9,10]. This categorization can be further divided into idiopathic (ID),
and unexplained male infertility (UMI), which essentially differ in the seminal analysis
results, abnormal in the former and normal in the later, assuming that in both the female
factor has been ruled out [11]. ID affects approximately 30 to 40% of infertile men [8],
while UMI affects 6 to 30% of infertile men [8,12,13]. In the literature, it is frequent to find
different terms to classify these patients, which, together with the frequent lack of proper
control groups and the fact that female factor is often disregarded, severely compromise
the interpretation of the available information [10,14]. Moreover, considering that the
routine seminal analysis is the pillar for male infertility diagnosis, although its limitations
in terms of predicting fertility are well-known, additional or improved evaluation tools
are needed to understand sperm functionality in full as is a standard and more systematic
assessment of potential risk factors, especially for UOMI patients. This stresses the need to
deepen the study of the male gametes, ideally focusing on more relevant functional aspects,
not routinely evaluated, but that might add knowledge on the mechanisms behind male
infertility, hopefully providing the scaffold for the development of new diagnostic tools
and treatment options.

Proteomics has a great potential to show changes in protein levels which might explain
the mechanism behind male infertility [15], and help define new diagnosis biomarkers.
With this approach, Moscatelli and colleagues have previously identified 86 differentially
expressed proteins in asthenozoospermic samples compared to normozoospermic, with
the most represented proteins being located in the mitochondria, and having a role on
metabolism and energy production [16]. Yet, this study did not specifically clarify if the
asthenozoospermic samples were from idiopathic infertile patients. A different study, found
16 differentially expressed proteins in idiopathic asthenozoospermic patients, compared
to normozoospermic men [17], including proteins associated with sperm motility and
involved in management of oxidative stress [17].

Comparing UMI patients to healthy fertile donors, Xu et al. identified 24 differentially
expressed proteins, while Panner Selvan et al. have identified 162. Altogether, the observed
proteomic alterations on UMI patients led the authors to suggest likely consequences
in terms of sperm motility, capacitation, acrosome integrity, cell oxidative damage and
survival as well as on gamete communication [18-20].

Opverall, although some proteomic analyses have been performed focusing specifically
on unknown origin male infertility (UOMI) patients, it is relevant to highlight that not
only has none specifically focused on ID and UMI together, but also that the proteomic
approaches used were different, as were the number of patients involved, the sample
processing methods or even the WHO reference guidelines used, warranting further studies
on this topic.

In the present study, we performed a complete and integrated analysis of sperm
function in well-characterized and defined groups of patients, combined with proteome
profiling, aiming to obtain new insights into the potential mechanisms behind UOMI and
ideally suggest likely biomarkers for these infertile patients. In the future this knowledge
can be used in a clinical setting to improve diagnostic methods, distinguish patients with
different types of infertility or improve treatment approaches and decisions.
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2. Materials and Methods
2.1. Chemicals

All chemicals and reagents were acquired from Merck (St. Louis, MO, USA), except
the ones specified otherwise.

2.2. Individuals’ Recruitment, Diagnostic Work up and Categorization

Individuals, undergoing routine seminal analysis for fertility treatments, were re-
cruited at the Reproductive Medicine Unit of the Centro Hospitalar e Universitario de
Coimbra (CHUC; Coimbra, Portugal) from July 2018 to July 2022. All the individuals in
this study have accepted to participate by signing an informed consent form. The medical
history, physical examination, hormonal and seminal analysis were part of the diagnostic
workup (Figure 1). All procedures were approved by the ethics committee of the CHUC
(CHUC-098-18).

Regarding the eligibility criteria, male participants having azoospermia, leucospermia,
altered hormone profile, sexual transmitted diseases, varicocele, karyotype/Y chromosome
anomalies, oncologic diseases, undergoing or having undergone chemo or radiotherapy
treatment or other known causes of infertility were excluded (Figure 1).

On the female side the following criteria were considered for patient exclusion: urogen-
ital anomalies; abnormal gynecological examination and hormonal profile, fallopian tubes
altered permeability, oncological disease or associated treatments, urogenital infections and
genetic anomalies, being that the absence of these factors exclude the existence of a female
factor. The samples categorization in the different fertility /experimental groups was done
based on the seminal analysis and the couple’s clinical history, analyzed together with the
clinicians, and following the mentioned eligibility criteria.

Therefore, normozoospermic subjects belonging to a couple in which a female factor
has been clearly identified were allocated to the Control group (CTRL) while, when in
the same circumstances, but without a female factor identified, they were allocated to
Unexplained male infertility (UMI) group. Finally, individuals in which the seminal quality
is altered in at least one of the evaluated parameters (concentration, motility and mor-
phology), and in which no female factor has been identified, were allocated to Idiopathic
infertile men (ID) group.

It is important to mention that the categorization in the 3 mentioned groups (CTRL, ID
and UMI), was done following the usual diagnostic workout [21]. In this way, lifestyle/risk
factors identified afterwards by survey, were not considered to this diagnostic, but were
instead used to ascertain if they might have a role on the fertility status. Additionally, in
the control group, 102 individuals have proven fertility and 299 don’t. We have statistically
compared these two subgroups and found no differences for all the variables, reason why
we didn’t subdivide this group.

Furthermore, all the analyses were done blindly.

Semen Samples Collection and Processing

Human semen samples were obtained by masturbation after 3-5 days of sexual
abstinence and the seminal analysis was performed in accordance to the World Health
Organization (WHO) guidelines [22].

After collection and liquefaction, spermatozoa were separated from other semen
constituents by density-gradient centrifugation with SupraSperm (Origio—Cooper
Surgical; Ballerup, Denmark) using a 40% (v/v) density on the top layer and 80%
(v/v) density in the lower layer (WHO, 2010). Briefly, samples were placed on top
of the gradient and centrifuged at 400-500x g for 10 min. The sperm population
recovered from the high-density layer was then resuspended in sperm preparation
medium (Origio—Cooper Surgical; Ballerup, Denmark) and allowed to capacitate for at
least 3 h at 37 °C and 5% CO, [23].
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- Depression & Anxiety symptoms |HADS Survey

2. Functional Evaluation

- Conventional parameters | WHO analysis
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- Capacitation status| ICC

- Acrosome integrity | Fluorescence
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- Mitochondrial Membrane Potential | Flow cytometry
- Mitochondrial ROS production | Flow cytometry
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4. ART outcomes

- Fertilization rate

- Embryo development rate
- Embryo quality

- Embryo transfer rate

- Clinical pregnancy rate

5. Proteomic analysis
High  throughput  quantitative

proteomics aiming to find
differentially expressed
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Figure 1. Study design. Individuals’ recruitment, diagnostic workup, individuals’ categorization,

and experimental design.

2.3. Cohort Characterization: Socio-Demographic Data, Lifestyle, Reproductive Health, Exposures

to Detrimental Agents and Psychological Health

Besides the general characterization (age, BMI, physical exercise, diet, addictions) of
the 3 study groups, reproductive health aspects, potential exposure to detrimental agents
(at the scope of professional activity) as well as anxiety and depression symptoms were
evaluated, in order to have the more accurate and complete characterization possible of
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the study groups. These aspects were assessed through proper surveys done to all patients
enrolled in this study (Figure 1).

The levels of anxiety and depression were assessed through a self-response question-
naire: “Hospital Anxiety and Depression scale” (HADS, Portuguese Version) [24,25]. The
HADS is a fourteen-item scale that generates seven items related to anxiety and seven
related to depression. A total score of 7 or less is considered “normal”, a score between 8
and 10 is considered “mild”, a score between 11 and 14 is considered a “moderate”, and
between 15 and 21 “severe” [26,27].

2.3.1. Sperm Function Evaluation

For the present study, samples were prepared with an adjusted concentration of
10 x 10° spermatozoa/mL in phosphate-buffered saline (PBS) supplemented with 0.9 mM
CaCly; 0.5 mM MgCl,; 5 mM D-glucose; 25 mM NaHCOs; 0.3% (w/v) BSA; 1 mM sodium
pyruvate; 10 mM sodium lactate and 1% (v/v) penicillin/streptomycin, pH ~ 7.4 [23], and
all the further assays were performed from this stock (Figure 1).

Motility and Viability

Both motility and viability were assessed in a phase-contrast optical microscope
(Leica—DM4000B; Wetzlar, Germany) at 400 x magnification. The eosin exclusion assay
was used to assess viability [22]. For each condition a total of 100 spermatozoa were
evaluated in different fields. The results were expressed as the percentage of motile
spermatozoa (progressive plus non-progressive motility) and percentage of viable
spermatozoa, respectively.

Sperm Morphology and Chromatin Status

Morphology and sperm chromatin status were assessed by bright field optical mi-
croscopy (Leica DM4000B; Wetzlar, Germany), at 1000 x magnification, both through the
Diff-Quik staining (Millipore—#1.11674.0001; Burlington, MA, EUA), as previously de-
scribed [28]. For both parameters a total of 100 spermatozoa were evaluated in different
fields, and the results were expressed as the percentage of normal spermatozoa [22] and
percentage of spermatozoa with higher chromatin integrity [28], respectively.

Capacitation Status: Assessment of Tyrosine Phosphorylation

The capacitation status of spermatozoa was evaluated by the detection of phospho-
tyrosine residues by immunocytochemistry (ICC), as previously described [29]. Briefly,
spermatozoa were incubated with a rabbit anti-phosphotyrosine polyclonal antibody (1:10;
ThermoFisher—#61-5800; Waltham, MA, USA), overnight at 37 °C, and after labelling with
the secondary fluorescent antibody [23] for 1 h at 37 °C, mounted on glass slides with
Vectashield Mounting Media containing 4/, 6-diamidino-2-phenylindole (DAPI) (Vector
Labs—#H1200; Newark, CA, USA), that counterstain the DNA.

Capacitation status was then assessed using a Leica fluorescence microscope
(Leica—DM4000B; Wetzlar, Germany), at 1000 x magnification and for each sample, a
total of 100 spermatozoa were evaluated in different fields. Spermatozoa were then
categorized as follows: (a) stained tail with bright fluorescence; (b) partially stained tail;
(c) dot-stained tail and (d) very weak or non-existent fluorescence. The first three
categories indicate capacitated spermatozoa while the last entails non-capacitated sper-
matozoa. The results were presented as the percentage of capacitated sperm [23].

Acrosomal Integrity

Acrosome integrity was evaluated by fluorescence microscopy (Leica—DM4000B;
Wetzlar, Germany) using a marker for the acrosomal content, the PSA-FITC (Pisum sativum
agglutinin linked to fluorescein isothiocyanate). Samples were incubated with PSA-FITC
(1:200; Sigma—#L0770; Merck; St. Louis, MO, USA) for 1 h at 37 °C and mounted with
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Vectashield Mounting Media with 4/, 6-diamidino-2-phenylindole (DAPI) as described
previously (Vector Labs—#H1200; Newark, CA, USA) [23].

A total of 100 spermatozoa, in different fields at 1000 x magnification, were evaluated
for acrosomal integrity assessment. Sperm cells were then categorized as follows: (a) cells
with bright green homogeneous fluorescence and (b) cells with heterogeneous spots of
fluorescence, only a fluorescing band at the equatorial segment or no fluorescence, that
indicate intact acrosomes and reacted or about to react acrosomes, respectively. The results
were expressed as the percentage of spermatozoa with intact acrosome [23].

2.3.2. Sperm Mitochondrial Functionality Evaluation

Mitochondrial membrane potential (MMP) and sperm mitochondrial superoxide
production, were monitored by flow cytometry using two different fluorescent probes: the
JC-1 and Mitosox Red, respectively. After incubation with the specific fluorescent probes,
sample analysis was performed on a FACSCalibur flow cytometer (BD Biosciences; Franklin
Lakes, NJ, USA). This cytometer is equipped with an argon laser that has an excitation
wavelength of 488 nm and three emission filters: 530/30 band pass (FL-1/green), 585/42
band pass (FL2/red) and >620 nm long pass filter (FL3/far red). Spermatozoa have specific
characteristics of light scatter [forward (FSC) and side scatter (S5SC)] and based on that,
unspecific events were gated out of the analysis. A total of 15,000 events were recorded per
sample, and the data acquisition and analysis were achieved using the BD Cell Quest Pro
Acquisition program [23].

Sperm Mitochondrial Membrane Potential

Sperm MMP was evaluated using the fluorescent probe 5,5,6,6'-tetrachloro-1,1’,3,3'-
tetraethylbenzimi-dazolycarbocyanine iodide (JC-1®; Thermofisher—#T3168; Waltham,
MA, USA), a dynamic probe that changes its fluorescence according to the MMP [29,30].

As previously described, sperm cells (2.5 x 10°) were incubated with 2 uM of
JC-1® during 15 min at 37 °C in the dark and for each sample appropriate controls were
prepared: a negative control in which the cells were incubated without the fluorescent
probe and a positive control in which cells were incubated simultaneously with JC-1°
and 50 pM of carbonyl cyanide 3 chlorophenylhydrazone (CCCP), a mitochondrial
uncoupler that disrupts MMP [30,31]. Results were expressed as the percentage of
spermatozoa with high MMP.

Sperm Mitochondrial Superoxide Production

Sperm mitochondrial superoxide production was assessed using the fluorescent probe
MitoSox Red® (Thermofisher—#M36008; Waltham, MA, USA). Sperm cells (2.5 x 10°) were
incubated with 3 uM of MitoSOX-Red for 15 min at 37 °C in the dark and for each sample
suitable controls were prepared: a negative control in which cells were incubated without
the fluorescent probe and a positive control in which cells were simultaneously incubated
with the fluorescent probe and 80 uM of the complex III inhibitor, antimycin A, known to
increase the production of superoxide anion, as previously described [23,30,31]. Results
were expressed as fluorescence intensity.

2.3.3. Fertility Outcomes

A total of 123 cycles were included in our analysis, corresponding to patients that per-
formed Assisted Reproductive Technology (ART) treatments and were already diagnosed.
Fertility results from IVF and ICSI were evaluated.

Fertility rate (number of oocytes with two pronucleus/number of oocytes that were in-
seminated or injected), Embryo development rate (number of embryos/number of oocytes
with two pronuclei), and Embryo Transfer rate (number of transfers/number of embryos)
were determined, and Clinical pregnancy was determined as the number of couples with
positive biochemical pregnancy. The results were expressed as mean =+ standard error of
the mean (SEM) [32].
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2.3.4. Sperm Proteomics

For the quantitative proteomic analysis, samples were subjected to Short GeLC di-
gestion and the resulting peptides were analysed by liquid chromatography coupled to
tandem mass spectra (LC-MS/MS) using the SWATH-MS acquisition mode [33].

Protein Solubilization and Digestion

Briefly, 3 to 5 million/mL spermatozoa were centrifuged (500 x g, 5 min) followed
by resuspension in, respectively 30 to 50 uL of sample buffer [0.25 M Tris-HCl, 4%
sodium dodecyl sulfate (SDS), 20% glycerol, 1 mg bromophenol blue, 200 mM dithio-
threitol (DTT)] with 10 ug/mL recombinant MBP-GFP [34]. The samples were sonicated
at 50% output for 1 min with 5 s bursts at 3 s intervals, using a Hielscher sonifier
(Hielsher ultrasonics—UP100H; Teltow, Germany), and boiled for 5 min at 95 °C. Sam-
ples were then centrifuged (20,000x g, 15 min) and the supernatants were stored at
—80 °C [33]. For protein identification/library generation, 3 pooled samples were cre-
ated: one from control samples, a second one from ID samples, and a third one from
UMI samples. Additionally, to test the reproducibility of the method, a pool containing
part of all samples studied was created to be used as technical replicate. All the samples
were subjected to trypsin digestion using the Short-GeLC approach [33].

Protein Identification and Quantification

Samples were analyzed on a NanoLC™ 425 System (Eksigent®; Framingham, MA,
USA) coupled to a TripleTOF™ 6600 System (Sciex®; Framingham, MA, USA) using
information-dependent acquisition (IDA) for the pooled samples and SWATH-MS acqui-
sition of each individual sample for protein quantification. Samples were loaded onto a
YMC-Triart C18 Capillary Guard Column 1/32” (12 nm, S-3 pm, 5 x 0.5 mm) (YMC; Kyoto,
Japan) at 5 pL/min of 5% of mobile phase B during 8 min and the peptides separation
was carried out by micro-flow liquid chromatography using a YMC-Triart C18 Capillary
Column (12 nm, S-3 um, 150 x 0.3 mm) at 50 °C. The flow rate was set to 5 uL./min and
mobile phases A and B were 5% DMSO plus 0.1% formic acid in water and 5% DMSO
plus 0.1% formic acid in acetonitrile, respectively. The LC program was performed as
follows: 5-30% of B (0-50 min), 30-98% of B (50-52 min), 98% of B (52-54 min), 98-95%
of B (54-56 min), 95% of B (56-65 min). Peptides were eluted into the mass spectrometer
using an electrospray ionization source (ABSciex®—DuoSpray™ Source; Framingham, MA,
USA) with a 25 pm internal diameter hybrid PEEKsil/stainless steel emitter (ABSciex®;
Framingham, MA, USA). The ionization source was operated in the positive mode set to
an ion spray voltage of 5500 V, 25 psi for nebulizer gas 1 (GS1), 10 psi for nebulizer gas 2
(GS2), 25 psi for the curtain gas (CUR), and source temperature (TEM) at 100 °C.

For IDA experiments, the mass spectrometer was set to scanning full spectra (m/z
350-2250) for 250 ms, followed by up to 100 MS/MS scans (m/z 100-1500) per cycle, in
order to maintain a cycle time of 3.295 s. The accumulation time of each MS/MS scan
was adjusted in accordance with the precursor intensity (minimum of 30 ms for precursor
above the intensity threshold of 2000). Candidate ions with a charge state between +1 and
+5 and counts above a minimum threshold of 10 counts/s were isolated for fragmentation
and one MS/MS spectra was collected before adding those ions to the exclusion list for
15 s (mass spectrometer operated by Analyst® TF 1.8.1, Sciex®; Framingham, MA, USA).
Rolling collision was used with a collision energy spread of 5.

For SWATH-MS experiments, the mass spectrometer was operated in a looped product
ion mode [35] with the same chromatographic conditions used in the IDA run described
above. A set of 168 windows of variable width (containing an m/z of 1 for the window
overlap) was constructed, covering the precursor mass range of m/z 350-2250. A 50 ms
survey scan (m/z 350-1250) was acquired at the beginning of each cycle for instrument
calibration and SWATH MS/MS spectra were collected from the precursors ranging from
m/z 350 to 1250 for m/z 100-1500 for 19 ms resulting in a cycle time of 3.291 s The collision
energy (CE) applied to each m/z window was determined considering the appropriate CE
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for a +2 ion centered upon this window and the collision energy spread was also adapted
to each m/z window.

By combining all files from the IDA experiments, a specific library containing the pre-
cursor masses and fragment ions was created and used for subsequent SWATH processing.
Libraries were obtained using ProteinPilot™ software (ABSciex® v5.0.1; Framingham, MA,
USA), in accordance with the following parameters: (i) search against a database from
SwissProt composed by Homo Sapiens (downloaded in August 2021) and MBP-GFP (IS)
protein sequences; (ii) acrylamide alkylated cysteines as fixed modification; (iii) trypsin as
digestion type. An independent False Discovery Rate (FDR) analysis using the target-decoy
approach provided with Protein Pilot software was performed to assess the quality of
the identifications. Positive identifications were considered when identified proteins and
peptides reached a 5% local FDR [36,37].

Data processing was performed using SWATH™ processing plug-in for PeakView™
(ABSciex®; Framingham, MA, USA) v2.0.01 [38]. After retention time adjustment us-
ing peptides from the internal standard (MBP-GFP) [39], up to 15 peptides, with up to
5 fragments each, were chosen per protein, and extracted-ion chromatograms (XIC) were
attempted for all proteins in library file that were identified from ProteinPilot™ search.
Only proteins with at least one confidence peptide (FDR < 0.01) were considered in no less
than four replicates condition and with at least three transitions. Peak areas of the target
fragment ions (transitions) of the retained peptides were extracted across the experiments
using an XIC window of 6 min with 100 ppm XIC width. The proteins’ levels were esti-
mated by summing all the transitions from all the peptides for a given protein that met
the criteria described above [34] and normalized to the levels of two spermatozoa-specific
proteins (AKAP4 + AKAP3) [39].

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier [40].

2.3.5. Statistical Analysis

Statistical analysis was performed using the SPSS software (Statistical Package
for the Social Sciences Program) version 20.0 for windows (SPSS Inc.; Chicago, IL,
USA). All variables were evaluated for normal distribution through Shapiro-Wilk or
Kolmorogov-Smirnov test, and the Levene’s test assessed the homogeneity of variances.
The comparison between study groups, was assessed using the Kruskal-Wallis test,
followed by the Mann-Whitney U test to assess specific differences among groups or the
Chi-square (x?) test, according to the nature of the variables. To assess the correlation
between variables, the Spearman coefficient was computed. Linear regressions were
performed whenever justified and the odds ratio calculated. Values of p < 0.05 were
considered statistically significant and the results were expressed as mean = SEM. The
number of experiments was always indicated.

The statistical analysis regarding the proteomic data was done using R, as follows: a
Kruskal-Wallis test was performed to identify the proteins differentially regulated between
all the comparisons followed by the Dunn’s test of Multiple Comparisons, with Benjamini—
Hochberg p-value correction, to determine in which comparisons statistical differences
were observed. All analyses were performed using the normalized protein levels and a
p-value of 0.05 was defined as a cut-off.

From all the altered proteins, the ones with only 1 peptide quantified and a coefficient
of variation (CV) among technical replicates higher than 20% were excluded. Protein
Analysis Through Evolutionary Relationships (PANTHER) was used to analyse the different
biological processes present in proteins up- and down-regulated between the patient’s
groups (August 2022) [41].

Data Visualization and Integrated Discovery (DAVID) functional annotation for KEGG
pathways and gene ontology (GO) term (August 2022), and cluster analysis (October
2022) [42], FunRich transcription factor analysis (August 2022) [43], and MetaboAnalyst 5.0
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random forest analysis (September 2022) [44] were also performed to better characterize
the altered proteins.

3. Results
3.1. Samples Categorization in the 3 Study Groups

As previously mentioned, the categorization of the collected human samples in the
3 study groups was based on a comprehensive analysis of the clinical history of the couple,
on the seminal analysis, and followed strict eligibility criteria (Figure 1).

We collected 1411 samples, of which 401 were classified as CTRL, 194 as ID and 103
as UMI. Samples that did not fit the inclusion criteria were excluded, corresponding to
541 samples. Additionally, in 172 samples a diagnosis was not possible, as the couples are
still being evaluated and for that reason, they were not included in the study (Figure 1).

3.2. Cohort Characterization—Lifestyle, Reproductive Health, Occupational Exposures, and
Psychological Health

Age, BMI, regular physical exercise, eating habits, chronic diseases and the existence
of other diseases were not significantly different between groups (p > 0.05; Table S1). On
the other hand, ID patients had a higher prevalence of hypercholesterolemia (p < 0.05) and
were also more frequently submitted to surgeries (p < 0.001) than the individuals from the
other groups (Table S1). Surprisingly, the ID group had a lower percentage of individuals
that had COVID 19 (p < 0.05) whereas the CTRL group seemed to suffer more from allergies,
when compared to UMI (Table S1).

Most of the reproductive health aspects assessed by survey (including the STDs,
urogenital infections and pre-existing varicocele, urogenital anomalies, testicular torsion,
inguinal hernia, and hormonal therapy) were not statistically different among the three
groups (p > 0.05), with the exception of urogenital infections and pre-existing varicocele
(CTRL: 7.0%; ID: 22.9%; UMI: 3.9%; p < 0.001), the prevalence of which was significantly
increased in the ID patients’ group when compared to the control and UMI group. Fur-
thermore, the chance of belonging to the ID group vs. UMI group is seven times higher in
individuals with varicocele (Expected-odds ratio 0.137). Similarly, the urogenital anomalies
were also observed to be more prevalent in the ID group (CTRL: 0.7%; ID: 3.1%; UMI: 0.0%;
p < 0.05; Table S2).

Occupational exposure to different potentially detrimental agents for more than
3 months, such as paints, solvents, pesticides, metals, high and/or low temperatures,
radiation and dust were not significantly different between the three studied groups
(p > 0.05), with the exception of paints and metals. In fact, and unexpectedly, the control
group seems to be more exposed to paints compared to the study groups (CTRL: 26.4%;
ID: 17.0%; UMI: 19.4%; p < 0.05) while the group that was less exposed to metals was the
ID one (CTRL: 31.5%; ID: 21.4%; UMI: 31.3%; p < 0.05; Table S3). Regarding alcohol and
tobacco consumption, no statistically significant differences were observed (Table S4).

Concerning the psychological state, anxiety and depression symptoms, evaluated
by the HADS questionnaire, were not statistically significantly different among the three
study groups (p > 0.05). Yet, it seems that when compared to the other groups, the ID
patients tend to present higher anxiety scores and the UMI patients higher depression
scores (Table S5), despite being in the normal range, according to HADS manual [24].
Nevertheless, UMI patients do present a significantly higher percentage of men with
diagnosed depression compared to CTRL and ID patients, as assessed on the survey, and
the patients that have/had depression have 4 times higher chance of being in the UMI
group than in the CTRL (OR = 0.256; p < 0.05; Table S5).

3.3. Functional Sperm Parameters

Motility, viability and normal morphology were significantly lower in ID patients
when compared to both control and UMI patients (p < 0.001; Table 1).
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Table 1. Total motility, viability, and normal morphology in the three study groups. Data are
presented by mean + SEM and the number of samples is indicated in brackets; ***—p < 0.001 in
comparison to CTRL; ##—p < 0.001 in comparison to ID. CTRL—healthy controls, ID—idiopathic
infertile men, and UMI—unexplained infertile men).

Parameter CTRL ID UMI p Value
e o 79.95 + 0.73 52.13 + 1.98 ***  79.83 4 1.41 ¥
Total motility (%) (401) (194) (103) <0.001
e o 86.09 & 0.61 66.31 + 1.66 ***  84.71 4 1.22 ##
Viability (%) (401) (194) (103) <0.001
%% H#it
Normal morphology (%)  2.30 + 0.11 (376) 0-99 (i1708)1 2 247 i(9(7).)22 <0.001

Sperm chromatin integrity was also significantly decreased in ID patients (46.74 + 1.78)
compared to CTRL (53.86 £ 1.23) and UMI patients (54.54 &+ 2.47; p < 0.05), although no
statistically significant differences were observed between CTRL and UMI patients (p > 0.05;
Figure 2a).
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Figure 2. Sperm non-conventional parameters. (a) Percentage of cells with intact chromatin;
(b) Percentage of capacitated cells; (c) Percentage of cells with intact acrosome. Data are presented as
mean £ SEM and the number of experiments is indicated in brackets; ***—p < 0.001 in comparison to
CTRL; " —p < 0.001 and #*—p < 0.05 in comparison with ID. CTRL—healthy men, ID—idiopathic
infertile men, UMI—unexplained infertile men.

Regarding capacitation, this process seemed to be affected in the ID group, when
compared to both the control (p < 0.001) and the UMI groups (p < 0.05; Figure 2b). On
the other hand, the percentage of cells with intact acrosome was similar among all study
groups (CTRL: 2.39 £ 0.29; ID: 2.37 £ 0.44; UML: 2.73 £ 0.60; p > 0.05; Figure 2c).

3.4. Sperm Mitochondrial Functionality

Due to the strong association between sperm and mitochondrial (dys)function [30], the
evaluation of mitochondria-related parameters has gained support as a trustworthy and
easy readout of sperm quality. Indeed, in this study, the mitochondrial membrane potential
was affected in both infertile groups in comparison to the control (p < 0.05). Additionally, a
trend towards higher ROS levels was also observed in the ID group (p = 0.092), although
not reaching statistical significance (p > 0.05; Figures 3 and 4).

3.5. Fertility Outcomes

Fertility outcomes constitute an important measure of the gametes” quality and fertil-
ization success that can be further related to the other evaluated parameters in an attempt
to find the best to predict these outcomes. Nevertheless, no statistically significant differ-
ences were detected between the study groups in all calculated rates: fertilization, embryo
development, and embryo transfer rates (p > 0.05; Table 2).

3.6. Correlations

Regarding correlations between functional parameters, as expected, cells with higher
MMP were positively correlated with sperm viability (r = 0.620, p < 0.01), motility (r = 0.679,
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p < 0.01) and capacitation (r = 0.464, p < 0.01), and negatively correlated with cells with
higher production of superoxide (r = —0.839, p < 0.01; Figure S1).

Interestingly, the presence of urogenital infections and varicocele were negatively
correlated with all functional parameters except for morphology (p < 0.01), and positively
correlated with urogenital anomalies and surgeries (p < 0.01; Figure S1). In turn, surgeries
were also positively correlated with urogenital infections and varicocele and negatively
correlated with some sperm parameters, like, viability, motility, and chromatin status
(p < 0.05; Figure S1).

Hypercholesterolemia was correlated with all seminal parameters, including mito-
chondrial ones. Most of these correlations were negative with the exception of the one
with cells with higher superoxide production, and, unexpectedly, also with acrosome status
(p < 0.01; Figure S1).
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Figure 3. Sperm Mitochondrial membrane potential (MMP). Representative flow cytometry dot-plot
chart of (a) CTRL, (b) ID, and (c) UMI sperm cells incubated with JC-1. (d) Percentage of cells
with high MMP on the three study groups. Data are presented as Mean + S.E.M. and the number
of experiments is indicated in brackets; *—p < 0.05 in comparison to CTRL. CTRL—healthy men,

ID—idiopathic infertile men, UMI—unexplained infertile men.
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Figure 4. Sperm mitochondrial superoxide levels. Flow cytometry dot-plot chart of CTRL (a),

ID (b), and (c) UMI sperm cells labelled with MitoSOX (red dots). (d) MitoSOX fluorescence
intensity (arbitrary units) on the three study groups. Data are presented as mean + SEM and the
number of experiments is indicated in brackets. CTRL—healthy men, ID—idiopathic infertile

men, UMI—unexplained infertile men.

Table 2. Assisted Reproductive Techniques (ART) outcomes among the three study groups. Results
are presented as mean = SEM, and the number of experiments is indicated in brackets. Only
couples in which the embryo transfer was successful were assessed for biochemical pregnancy, from
which 24 (16 + 5 + 3) resulted to be positive. CTRL—healthy men, ID—idiopathic infertile men,

UMI—unexplained infertile men.

ART Outcomes CTRL ID UMI p Value
Fertilization rate (123) 0.62 & 0.04 0.57 £ 0.05 0.61 £ 0.07 0.786
Embryonic development rate (123) 0.71 £0.04 0.76 = 0.06 0.79 £ 0.06 0.110
Embryonic transfer rate (123) 0.18 +0.03 0.21 £ 0.05 0.29 + 0.09 0.917
. . 16 5 3
Biochemical pregnancy (60) (47.1%) (35.7%) (25%) 0.379

3.7. Sperm Proteomics

The proteomic analysis included 79 samples: 50 CTRL, 19 ID and 10 UMI
(Supplementary File S1). In these samples, 295 proteins were found to be differen-
tially expressed (p < 0.05). Proteins where only one peptide was detected and the
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coefficient of variation on the technical replicates was higher than 20% were excluded,
leaving 145 proteins for subsequent analysis. These proteins were then distributed in
three protein sets: (1) proteins differentially expressed between CTRL and ID (CTR-
LvsID), containing 136 proteins; (2) proteins differentially expressed between CTRL
and UMI (CTRLvsUMI), containing 14 proteins, and proteins differentially expressed
between ID and UMI (UMlvsID), containing 121 proteins (Figure 5).

Total: 145 differentially expressed proteins

CTRLvsID IDvsUMI
(136 differentially expressed proteins) (121 differentially expressed proteins)

CTRLvsUMI
(14 differentially expressed proteins)

Figure 5. Venn diagram reflecting the number of differentially expressed proteins between the study
groups. CTRL—healthy men, ID—idiopathic infertile men, UMI—unexplained infertile men.

Focusing the analysis on CTRL versus infertile patients (ID and UMI), 137 proteins
were identified to be differentially expressed, corresponding to the combination of CTR-
LvsID with CTRLvsUMI (18 + 105 + 7 + 6 + 1 + 0 = 137; Figure 5). These proteins were
characterized based on possible transcription factors involved, biological process, KEGG
pathways and GO enrichment (Figure 6). MYC was found to be the most enriched tran-
scription factor involved in this protein group (Figure 6a). On the other hand, the top five
biological processes among proteins differentially expressed between CTRL and infertile
patients were protein metabolism, metabolism, energy pathways, cell growth and/or maintenance,
and physiological reproductive process although the latter was not significantly enriched
(Figure 6b). Furthermore, protein processing in the endoplasmic reticulum, carbon metabolism,
thyroid hormone synthesis, and estrogen signaling pathways were some of the KEGG pathways
found to be relevant for this protein group (Figure 6¢). Fusion of sperm to the egg plasma
membrane, response to hydrogen peroxide and sperm capacitation were among the relevant GO
terms found in this protein group (Figure 6d).

Through DAVID cluster analysis, we found three relevant clusters of proteins: one
composed of Annexins (3.55 enrichment score), a second one composed of protein as-
sociated with refolding/stress response (1.56 enrichment score) and another associated
with the serpin family (1.38 enrichment score; Figure S2). The first cluster was com-
posed of Annexin 2 (ANXAZ2), 3 (ANXA3), 5 (ANXAD5) and 6 (ANXA®6), all significantly
upregulated in ID patients compared to CTRL. The second cluster included proteins
a-crystallin B chain (CRYAB), Heat shock 70 kDa protein 1B (HS71B), Heat shock cog-
nate 71 kDa protein (HSP7C), Heat shock protein 31 (HSPB1) and endoplasmin related
with protein refolding and stress response, all downregulated in CTRL comparing to
ID patients. The third cluster was composed of 5 serpin family proteins: plasma serine
protease inhibitor (IPSP/SERPINAS), a-1-antitrypsin (A1AT/SERPINA1), antithrombin-
III (ANT3/SERPINC1), ANXA2 and clusterin, which were all downregulated in CTRL
comparing to ID, except for ANT3 which was upregulated (p < 0.05).
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Figure 6. Characterization of the groups of proteins for (a) transcription factors; (b) biological process;
(c) KEGG pathways and (d) GO enrichments possibly associated with male infertility. Grey line
corresponds to p value = 0.05. If the black line squares are above the grey line, the gene is considered

enriched. In (d) the corrected p value (Benjamini) was used.

Furthermore, only 6 proteins were differentially expressed between CTRL and
both infertile groups (ID and UMI). These proteins were mitochondrial citrate synthase
(CISY), Dynein axonemal intermediate chain 1 (DNAI1), EF-hand calcium-binding
domain-containing protein 6 (EFCB6), Golgi-associated RAB2 interactor protein 3
(GARS3), Leucine-rich repeat-containing protein 37B (LR37B) and Sperm equatorial
segment protein 1 (SPESP), with the mean protein’s levels significantly lower in the
infertile groups comparing to CTRL (Figure 7).

Finally, the Random Forest analysis found that these 6 proteins, together with func-
tional sperm parameters described previously, can accurately classify patients in fertile or
infertile with out-of-bag error of 0.215, where DNAI1 levels was considered as the most
relevant factor for this discrimination (Figure S3).
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Figure 7. Normalized proteins levels of the proteins differently altered between the fertile group and
both types of infertile patients. CISY—citrate synthase. DNAI1—Dynein axonemal intermediate
chain 1, EFCB6—EF-hand calcium-binding domain-containing protein 6, GAR3—Golgi-associated
RAB?2 interactor protein 3, LR37B—Leucine-rich repeat-containing protein 37B, SPESP—Sperm equa-
torial segment protein 1. *—p < 0.05 in comparison to CTRL; **—p < 0.01 in comparison to CTRL;
***_—p < 0.001 in comparison to CTRL. CTRL—Healthy men; ID—idiopathic infertile men;
UMI—unexplained infertile men.

When analyzing proteins differentially expressed between ID and UMI patients,
121 were found corresponding to the IDvsUMI group (105 + 8 + 7 + 1 = 121; Figure 5).
This new group of proteins was also characterized based on possible transcription
factors involved, biological process, KEGG pathways and GO enrichment (Figure 8).
BACH?2 was found to be the most enriched transcription factor involved with this
protein group (Figure 8a). The top five biological processes among proteins differentially
expressed between ID and UMI patients were protein metabolism, metabolism, energy
pathways, cell growth and/or maintenance, and reproductive physiological process (Figure 8b).
Pentose phosphate pathway, thyroid hormone synthesis, and fructose and mannose metabolism
are enriched KEGG pathways associated with proteins differentially expressed between
ID and UMI patients (Figure 8c). On the other hand, carbohydrate metabolic process,
response to hydrogen peroxide and fusion of sperm to egg plasma membrane are relevant GO
terms associated with these proteins (Figure 8d), that despite not being statistically
significant, are worth mentioning given the scope of this study.

Through DAVID cluster analysis, we found glycosidase activity as a relevant clus-
ter (1.38 enrichment score) including 3-galactosidase-1-like protein (GLB1L), neutral -
glucosidase AB (GANAB) and maltase-glucoamylase (MGA; Figure 54). GANAB and MGA
were significantly upregulated in ID comparing to CTRL, while GLB1L was significantly
downregulated in ID patients compared to CTRL. Furthermore, 8 proteins were found
differentially expressed exclusively between ID and UMI patients (Table 3).
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Figure 8. Characterization of the groups of proteins for (a) transcription factors, (b) biological process,
(c) KEGG pathways, and (d) GO enrichments possibly associated with unknown origin (ID and UMI)
male infertility. Grey line corresponds to p value = 0.05. If the black line squares are above the grey
line, the gene is considered enriched. In (d) the corrected p value (Benjamini) was used.

Acrosin (ACRO) and sperm acrosome membrane-associated protein 4 (SACA4) were
significantly down-regulated in ID patients compared to UMI (p < 0.05; Figure 9), while
Laminin subunit beta-2 (LAMB2), mannose-6-phosphate isomerase (MPI), ATP-dependent
6-phosphofructokinase liver type (PFKAL), START domain-containing protein 10 (STA10),
serotransferrin (TRFE) and exportin-2 (XPO2) were significantly down-regulated in UMI
patients compared to ID (p < 0.05) (Figure 9).

Random forest analysis found that these 8 proteins together with functional sperm
parameters can accurately classify patients into ID or UMI with an out-of-bag error of 0.276,
where LAMB2 and SACA4 peak intensities were the most accurate factors (Figure S5).
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Table 3. Proteins differentially expressed only between ID and UML

Protein ID Name ID/UMI Biological Process

(Uniprot) Source UniProt Function (Sperm or Male Reproductive Tract)

e Important acrosomal protease released
during acrosome reaction and necessary
for the penetration of the zona
pellucida [45-47];

e  ACRO knockout mice were fertile and
capable of penetrating the zona
pellucida [48];

e  Acrosin activity was seen decreased in
infertile men whose female partners had
normal gynaecological evaluation
compared to fertile men (who had
fathered at least one child and had normal
routine semen analysis), being positively
correlated with sperm motility [49];

P10323 Acrosin (ACRO) 0.79 Not applicable e  Healthy donors with moderate or high
sperm MMP have higher acrosin activity
compared to men with low sperm
MMP [50];

e  Acrosin activity decreased with oxidative
stress [51];

e  ACRO was downregulated in
asthenozoospermic patients compared to
healthy donors, although it was not
specified if the patients were idiopathic [52];

e  ACRO levels were higher in fertile men
than in UMI and oligoszoospermic
patients, although no significant difference
was found between UMI and
oligozoospermic patients [53];

e  Present on the sperm raft at the acrosome

Sperm acrosome membrane, being involved in sperm-egg
QSTDMS5 membrane- 0.79 Not applicable recognition [54]; .
associated protein e  SACA4 inhibition hampered the binding
4 (SACA4) and fusion of human sperm with
zona-free hamster eggs [55].
Mediate the e Ispresent in cumulus cells and was
attachment, migration observed to induce acrosome reaction in
and organization of human sperm, in a process probably
pssacs Laminin subunit » cells intr(:rl E:SUES_ during mediated by Sr'c kir'lases, leadir}g to
beta-2 (LAMB2) d embryonic Proteasome activation and calcium
development by influx [56];
interacting with other o UMI patients (categorized similar to
extracellular matrix ours) overexpressed LAMB2 compared

components. to fertile men [19].
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Table 3. Cont.
lzgrts;)r;oltl)) Name ID/UMI Bls(:)ll(:f:;a[l]:;;:sts S Function (Sperm or Male Reproductive Tract)
Is expressed in mouse testis, being
overexpressed in round spermatids and
spermatocytes compared to
spermatogonia and spermatozoa, being
involved in 2-keto-3-deoxy-D-glycero-D-
Catalyzes the galacto-nononic acid (KDN) synthesis
interconversion of and/or the glycosylation of important
Mannose-6- fructose-6-phosphate factors in rounc'i spe:rmatids [57];
P34949 phosphate 1.45 and MPI knoc?kout in mice was shown
isomerase (MPI) manniose-.6.—phosphate embryomc.ally .let}}aL .due to mannose
and is critical for the accumulation, inhibiting glucose
supply of D-mannose metabolism and causing a depletion of
derivatives intracellular ATP [58];
MPI was shown up-regulated in low
motility compared with high motility
normozoospermic samples [59];
MPI was shown downregulated in UMI
patients, compared to fertile men [19].
It is highly expressed in spermatogonia [61];
Catalyses the first PFKAL activity is decreased in spermatids
ATP-dependent 6- committing step of compared to spermatocytes and increased in
P17858 phosPhofructokinas 1.99 glycolysis, .the spermatozoa compared to spermatids [62];
liver type phosphorylation of ATP-dependent 6-phosphofructokinase
(PFKAL) D-fructose muscle type was found overexpressed in
6-phosphate [60] sperm leading to IVF failure compared
with sperm with IVF success [63].
Phospholipid transfer
protein known to bind
specifically to
START domain- phosphatidylcholine
containing and .
Q9Y365 protein 10 1.85 phosphatidylethmine, Not applicable
(STA10) it can interact with the
plasm membrane both
in vitro and in vivo
[64,65].
Iron binding transport Was identified in boar and human seminal
proteins responsible for plasma [66,67];
the transport of iron Sertoli cells are known to produce TRFE,
from sites of absorption depfendent. on hormonal cpntrol, hence
and heme degradation having an 1mp9rtant role in
Serotransferrin D HaEER o R el ;};{e;gnftoa‘;lel}eﬂ; [68,69']; 1 fluid
P02787 2.10 utilization. 185130 2 I R e U A el
(TRFE) significantly different between the fertile

Serum transferrin may
also have a further role
in stimulating cell
proliferation.

This protein has
antimicrobial activity.

men and ID patients but still associated
with low sperm quality and sperm
necrosis, especially in leukocytospermia
and varicocele [69];

TREE was not found in UMI patients” sperm
while being present in fertile men [19].
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Table 3. Cont.

Protein ID Biological Process . .
. Name ID/UMI 8 . Function (Sperm or Male Reproductive Tract)
(Uniprot) Source UniProt
This protein is expressed o XPO2 is known to induce the expression
in several types of of pro-oncogenic genes [73];
cancers including e  XPO2 was shown downregulated in UMI
P55060 Exportin-2 1.48 ovarian, thyroid and patients compared to fertile males [74];
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Figure 9. Normalized proteins levels of the proteins differently altered between ID and UMI.
ACRO—acrosin, SACA4—sperm acrosome membrane-associated protein 4, LAMB2—Ilaminin sub-
unit beta-2, MPI—mannose-6-phosphate isomerase, PFKAL—ATP-dependent 6-phosphofructokinase
liver type, STA10—START domain-containing protein 10, TRFE—serotransferrin, XPO2—exportin-2.
#—p < 0.05 in comparison to ID; CTRL—Healthy men; ID—idiopathic infertile men; UMI—unexplained
infertile men.

4. Discussion

Male infertility of unknown origin, more specifically idiopathic and unexplained
infertility, differs essentially in terms of seminal quality [76,77]. Seminal analysis has not
changed much in the past fifty years, and there is now evidence that it cannot accurately
predict the fertilization capacity of the spermatozoa from the evaluated men [78]. In fact,
apparently fertile men may be unable to have a biological child [79], while a presumable
infertile man might end up conceiving [80]. Furthermore, the categorization in ID or UMI is
not always straightforward and varies quite a lot among the available studies [81,82]. The
contradictions and gaps found in the literature regarding these types of infertility highlight
the need to study these patients more deeply, focusing both on clear characterization and
on aspects that are not routinely evaluated, a need also identified in a recent publication by
Corsini and colleagues [83].

Our comprehensive data suggest that lifestyle aspects do not differ among the study
groups, and thus do not contribute towards explaining any of the differences observed
in the sperm functional parameters, leading us to conclude that these factors are not
determinant for the fertility state of this particular cohort. Regarding reproductive health
a similar pattern was observed, except for pre-existing urogenital infections, varicocele
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and urogenital anomalies, more prevalent in ID patients. Indeed, pre-existing urogenital
infections and varicocele were significantly and negatively correlated with sperm viability,
total motility, and chromatin integrity, in accordance with previous studies [84-86].

Contrarily to our observations, occupational (and environmental) exposures were
previously associated with decreased sperm quality [87-90]. Yet, no studies were found
using the three study groups on which the present work is focused, a fact that might
justify the different results. Therefore, the available information suggests that these
exposures in a professional context, although possibly impacting fertility, do not fully
explain ID or UMI etiology.

Importantly the network of problems surrounding infertility are multiple, ranging
from psychological to socio-economic, and these are often disregarded. In fact, while some
reports suggest that infertility is a possible trigger of psychological difficulties in couples
undergoing ART [91], there are others claiming that stress and anxiety can be behind the
infertility status [92], making it difficult to understand the cause-consequence dynamics.
The pertinence of this topic led us to include it in our analysis. Nevertheless, although
patients that have/had depression have 4 times higher chance of being in the UMI group
than in the CTRL (OR = 0.256), when analyzing the HADS results, the symptoms of anxiety
and depression did not differ among the 3 study groups, and in principle cannot explain
their different fertility status (Table S5).

As noted, to evaluate sperm functionality we did not only focus on the parameters
routinely assessed but also on others that are able to provide more information on sperm
function, and that have been previously suggested as good predictors of fertility capac-
ity [11,14]. For the parameters routinely evaluated (motility, viability, and morphology), the
lower values in the ID group were not surprising (Table 1, Figure 56) and are in accordance
with previous reports [81,93], since these are typical features of ID patients, whose seminal
quality can vary from oligo to astheno, teratozoospermic or even present the 3 abnormal-
ities (oligoasthenoteratozoospermic), contrarily to CIRL or UMI patients, which have a
normal seminal analysis [94,95]. In fact, in general, our data suggests that the UMI patient’s
sperm presented a similar functional profile to that of the control group, also mirrored in
statistical differences when compared to the ID group (Table 1, Figures 2 and S6).

As we knew that the classification of ID and UMI patients relied essentially upon
parameters evaluated in the seminal analysis, it was expected that the differences in our
patients would be at more detailed levels. It is known that there are several processes
crucial for spermatozoa competence [96], such as chromatin integrity [97], capacitation,
acrosome reaction [98,99] or mitochondrial functionality [100-103], justifying the in-
clusion of the evaluation of these processes in our study. Chromatin status was only
affected in ID patients (Figures 2 and S6), although previous reports have shown a
decrease in chromatin condensation or an increase in DNA fragmentation not only
in idiopathic [104-107], but also unexplained infertile patients [108-110]. However, it
must be considered that the methods and the studied groups were different from those
used in our work, factors that might justify the different results among studies.

Additionally, in the present study, a lower percentage of capacitated cells was observed
in the ID group, when compared to the CTRL group and the UMI group (Figures 2 and S6).
The lack of differences in this process between UMI and CTRL patients was previously
reported in a study where hyperactivation, a hallmark of the capacitation process, was
evaluated [111]. To our knowledge, no further studies on this topic were developed
in ID or UMI patients, except for proteomic studies that have identified differentially
expressed proteins in UMI patients whose functions might interfere with capacitation,
acrosome reaction and gamete interaction [18], as we will further discuss. On the other
hand, acrosome integrity seemed to be similar among the study groups (Figures 2 and S6).
Accordingly, a previous study reported no differences regarding the acrosome status when
assessed in CTRL and UMI patients’ sperm [111].

Another novelty in our study was the evaluation of the mitochondrial (dys)function.
Described as tightly correlated with sperm function, mitochondria establish their unique
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role in the sperm cell mainly through the involvement in metabolism and oxidative stress-
related processes [101,103]. After evaluation of the MMP and ROS production, important
indicators of mitochondrial functionality [112-115], it was observed that the MMP was
affected in the ID group, when compared to CTRL group (Figures 3 and S6). This, to-
gether with the observed trend to higher ROS levels in the former group, suggest that
mitochondrial alterations might play a role in the (dys)function of gametes from ID patients.
Our observations are in line with some studies that showed an increase in ROS levels in
ID patients [116-118], suggesting that those patients have a compromised mitochondrial
functionality. Interestingly, in the UMI group, the MMP was significantly lower than in the
CTRL (Figure S6), and this the first functional aspect that seemed to distinguish these two
groups. On the other hand, the pattern in terms of ROS production was very similar to that
of the CTRL, in contradiction to some studies in which an increase in ROS production was
also reported in UMI patients [95]. Yet, one should mention that these results were obtained
using different probes to access cellular ROS (and not mitochondrial) and different cohorts.

As mentioned, several infertile couples ended up resorting to assisted reproductive
techniques, in which is possible to evaluate fertilization and subsequent embryo devel-
opment steps. The success or failure of those steps can foresee the fertilization capacity.
Herein, after analyzing the fertilization and embryo development rate as well as biochemi-
cal pregnancy, no differences were found between the study groups, making it impossible to
understand which might be the functional parameters more associated with the fertilizing
potential, as was our initial intention.

Focusing on the proteomic analysis, the fact that only 14 proteins can distinguish CTRL
from UMI patients shows that these patients’ proteomes have a similar profile, having fewer
proteins that differ between them than with the ID proteome, confirming our observations
in these patients’ sperm functional evaluation.

Focusing on the characterization of proteins associated with male infertility, protein
processing in the endoplasmic reticulum was found to be the most significant KEGG pathway
with proteolysis being a significant GO term (Figure 6). This suggests that a stress response,
particularly related to endoplasmic reticulum (ER), might be undergoing in these patients’
sperm cells, which is in accordance with the observed trend of increased oxidative stress in
the infertile patient groups. Accordingly, ROS-based ER stress was previously shown in
animal models with fertility problems [119].

Additionally, we found 6 proteins differentially expressed between CTRL and
both infertile groups (ID and UMI), all downregulated in the infertile groups com-
pared to CTRL: mitochondrial citrate synthase (CISY), Dynein axonemal intermediate
chain 1(DNAI1), EF-hand calcium-binding domain-containing protein 6 (EFCB6), Golgi-
associated RAB2 interactor protein 3 (GAR3), Leucine-rich repeat-containing protein
37B (LR37B) and Sperm equatorial segment protein 1 (SPESP). Overall, the existing
literature support a role of these proteins on processes ranging from spermatogene-
sis [62,120-122] to membrane rearrangements [54,123,124], sperm motility [52,125-127],
acrosome reaction [128,129], gametes interaction, fertilizing capacity and pregnancy
success [130-132] or oxidative stress [133-136], being their downregulation easily cor-
related with defects in those processes and having the potential to impact fertility.
Moreover, as some of these 6 proteins, such as CYS and DNAI1 (when absent, altered or
downregulated), were reported to be related to decreased motility, we looked deeper
into our results and found that only 5 of our 29 infertile patients (ID and UMI) were
asthenozoospermic, suggesting that there might be other aspects to be considered in
the infertility panorama beyond motility. Worth mentioning, more than an individual
effect, we suggest that the cumulative effect of the downregulation of these 6 proteins,
so important for sperm vital processes, mainly energy production, motility and gametes
interaction, may result in an infertile scenario.

We further analyzed the data comparing CTRL vs. ID + UMI and found that MYC
(Myc proto-oncogene protein) was the transcription factor associated with more pro-
teins differentially expressed between control and infertile individuals (Figure 6a). This
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factor has been described to be involved in cell proliferation, including spermatogo-
nial stem cell proliferation [137,138] and to be associated with Sertoli cells maturity
acquisition [139-141]. MYC was also found relevant for transcription regulation of
differentially expressed seminal proteins between fertile men and bilateral varicocele
patients, known to have fertility issues [20]. Importantly, MYC is present in human
sperm, being involved in sperm-egg fusion processes [142], in line with our observa-
tions by GO enrichment analysis (Figure 6d). Hence, this transcription factor has a role
not only in spermatogenesis and its regulation, but also in sperm-oocyte interaction
and, alterations at this level might have consequences in terms of the (in)fertility state.
We also found 3 relevant clusters of proteins through DAVID analysis, that are altered
in ID patients, which might indicate a role of annexins [19]), serpins [19,143-145] and
protein refolding/stress response [119,146], on the fertility state.

Focusing on the comparison among ID and UMI patients, which we consider particu-
larly relevant, we found 8 proteins only altered between them (corresponding to the group
of 8 proteins in the IDvsUMI group in Figures 5 and 9), hence having a better chance to be
related with the different etiology of these two types of infertility). From these only Acrosin
(ACRO) and Sperm acrosome membrane-associated protein 4 (SACA4) were significantly
downregulated in ID patients compared to UMI, being all the other upregulated in ID
sperm (Figure 9). Globally, these proteins were associated with crucial sperm functions
such as motility [49,52,59,66,75], membrane rearrangements [64,65], acrosome reaction [56],
gamete interaction, fertilization process [54,55,63], and also metabolism (especially glucose
metabolism) [57,58,147], mitochondrial function [50] and oxidative stress [51] and might
also play a role on spermatogenesis [57,61,62,68,69] (Table 3). Yet, although for some of
these proteins an association with an infertility state is easily drawn, for others the role of
their altered expression on infertility is not completely clear. It is however, worth mention-
ing that by the random forest analysis, SACA4 and LAMB2 were the 2 factors with a higher
chance of clearly distinguish ID and UMI patients, likely by acrosome integrity /reaction-
related processes, being more relevant than the functional parameters considered in this
study (Figure S5).

Additionally, we found that BACH2 was the most enriched transcription factor as-
sociated with most of the proteins differentially expressed between ID and UMI patients
(Figure 8a). BACH2 is known to induce apoptosis in response to oxidative stress when
activated by phosphorylation [148,149]. Although apoptosis was not evaluated, our results
showing increased levels of chromatin damage and increased mitochondrial dysfunction in
ID patients seems to be in agreement with this factor function. Furthermore, this is also in
accordance with response to hydrogen peroxide being found as a relevant GO term (Figure 8b,c).
Besides that, DAVID cluster analysis revealed a cluster of proteins related to Glycosidase
activity as relevant (1.38 enrichment score). Neutral «-glucosidase AB (GANAB) present in
this cluster, described to be associated with epidydimal maturation [150], was positively
correlated with sperm DNA Fragmentation Index (DFI; [151], being observed to be over-
expressed in ID patients (comparing to CTRL). Furthermore, as the increased activity of
(-galactosidase-1 like protein (GLB1L) is a known marker of senescence already observed
in testicular tissue [152], it might be suggested that its downregulation in ID patients could
be a sign of sperm senescence and dysfunctional spermatogenesis.

Overall, the present study provided new information that allows distinguishing ID
from UMI infertile men. Our integrated analysis indicates that aspects such as acrosome
integrity, as well as metabolic elements and oxidative stress-related processes, are the
ones that better differentiate the patient groups, deserving further attention in future
studies. In general, it seems that UMI patients, contrarily to ID, have a better maintenance
of the acrosome integrity, as seen by the proteomic data with the downregulation of
LAMB2, MPI and STA10 proteins. However, these alterations were not confirmed in the
functional analysis, probably because the accuracy of the relevant methods is different. It
will be important to further address this aspect to confirm these observations and ascertain
if they occur to avoid a premature acrosome reaction, or if they will compromise the
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acrosome reaction and further fertilization. On the other hand, the opposite seems to
occur in ID patients as observed by the downregulation of proteins such Acrosin and
SACAA4. These suggest that the efficacy of the acrosome reaction, and further interaction
between gametes and fertilizing ability, might be compromised in ID, also corroborated by
the indication obtained from the fertilization rates, lower in ID. Similarly, the metabolic
alterations identified seem to hamper ID patient sperm samples, with the more obvious
consequences in terms of motility. Nonetheless, it is important to highlight that for UMI
patients, an unexplained factor on the female side might also have a role in terms of
couple infertility, although this investigation was out of the scope of the present research,
warranting further studies.
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