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Editorial on the Research Topic

Male Idiopathic Infertility: Novel Possible Targets, Volume I

Male reproductive health represents an issue of increasing importance, especially considering that
the total sperm count has halved is the last forty years (1). In Western countries, infertility affects
about 15% of couples of childbearing ages (2). About half of these cases involve the male partner
alone or is associated with a female factor of infertility (3). However, despite a thorough diagnostic
work-up, the cause of infertility remains elusive in up to ∼70% of cases (4). Therefore, identifying
novel possible targets of male idiopathic infertility is of paramount relevance to better understand its
pathophysiological mechanisms and etiology. This, in turn, will possibly help in identifying targeted
treatments in the near future.

Several recent lines of evidence suggest a role for the sperm transcriptome in human fertility. The
review article by Pantos et al. timely describes the importance of the miRNA-34/449 for male
infertility. The deregulation of this miRNA could lead to sperm aggregation and agglutination,
abnormalities of sperm ciliogenesis in the efferent ducts, and defective reabsorption of the fluid
present in the seminiferous tubules with a consequent increase in intratubular hydrostatic pressure.
These mechanisms are compatible with the onset of obstructive infertility. Furthermore, it has been
suggested that this miRNA is involved in the first stage of meiotic division. Hence, its
downregulation could also lead to spermatogenic failure. All this results in a wide range of
phenotypes ranging from oligozoospermia to azoospermia. However, further studies are still needed
to confirm the role of miRNA-34/449 in male infertility.

The study by Hong et al. showed that piRNA levels in seminal plasma are lower in
asthenozoospermic patients than in normozoospermic controls. The topic of the study is of great
interest as previous evidence, mainly in animals, has shown a cross-talk between piRNAs in
epididymal exosomes and spermatozoa. Particularly, piRNAs are distributed to spermatozoa in the
caput of the epididymis, and their content in the exosomes of the cauda is significantly lower than
that of the caput (5).

Human papillomavirus (HPV) is another under-diagnosed cause of male infertility, able to cause
asthenozoospermia and negatively influence embryo growth. A deep and comprehensive review of
the animal and human evidence is provided by Muscianisi et al. According to their data, patients
with apparently idiopathic male infertility should also be evaluated for HPV infection. This may
help to decrease the rate of idiopathic infertile male patients.
n.org November 2021 | Volume 12 | Article 79722815
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Obesity and metabolic impairment may represent another
potential cause of apparently idiopathic male infertility. The
meta-analysis by Zhao and Pang including 1731 patients have
indeed shown that patients with metabolic syndrome (MetS)
have statistically significantly lower sperm concentration, total
sperm count, progressive motility, and sperm vitality, and
increased percentage of spermatozoa with DNA fragmentation
(SDF) and of the percentage of spermatozoa with low
mitochondrial membrane potential. Insulin has been shown to
influence Sertoli cell (SC) function and proliferation (6), and the
action of endogenous follicle-stimulating hormone (FSH) is
impaired in patients with MetS (7). These data may explain, at
least partially, the findings by Zhao and Pang (Arato et al.).

Two articles of this special issue focused on porcine SCs. The
first shows how diverse FSH molecules can impact SC function
differently in terms of comparative proteomic analysis. Although
no definitive conclusion can be drawn in humans, this finding
may point toward a personalized therapeutic approach for the
treatment of male infertility (Arato et al.). The second one
focuses on the immunological properties of SCs. Accordingly,
in vitro exposure to bacteria and lipopolysaccharides (LPS)
resulted in a cell switch from the typical SC to an antigen-
presenting cell (8).

Published studies support the concept that already in late
adolescence (about 18 years), a proportion of boys ranging from
1:4 to 1:7 has testicular hypotrophy (8, 9). Hence, it would be
essential to understand the pre-adolescent stimuli that are
implicated in SC proliferation and, hence, contributing to reach
an adequate testicular volume (TV). One of these stimuli is
insulin-like growth factor 1 that has shown proliferative effects
in porcine SCs in vitro (10). A retrospective analysis in patients
with growth hormone deficiency (GHD) showed that, when
treated with growth hormone (GH), patients had an increase of
the TV over time as well as the age of puberty onset. Those who
received treatment late had testicular hypotrophy and puberty
delay (Cannarella et al.). These findings are in line with the effect
of GH/IGF1 on testicular growth. Hypothetically, borderline-low
GH-IGF1 serum levels in childhood and adolescence may be
Frontiers in Endocrinology | www.frontiersin.org 26
responsible for borderline-low testicular volumes in adulthood,
although further evidence is needed to confirm this.

Next-generation sequencing (NGS) analyses represent a novel
approach that may help to clarify the genetic etiology of
oligozoospermia or azoospermia. Genetic panels for
spermatogenetic failure have been developed to address this
issue. As shown by the study of Precone et al., this panel could
help to increase the diagnostic rate of male infertility.

Interestingly, oxidative stress (OS) is known as a cause of
male infertility. Increased OS is indeed able to cause DNA
double-strand breaks, in turn damaging sperm function. The
review article by Aitken and Baker supports the concept that OS
may damage susceptible regions of sperm DNA that encode for
genes involved in male infertility, cancer, imprinted diseases, and
behavioral disorders.

Abnormal sperm methylation has been observed in patients
with infertility. On this account, the article by Franzago et al.
evaluated the effect of a vegan diet on sperm epigenetics.
Particularly, they found that a vegan diet can change the
methylation rate of the FTO gene at the sperm level, which
may impact transgenerational inheritance.

Lastly, the study by Li et al. evaluated seminal plasma
proteomic profiles to understand any difference in patients
with Kallmann syndrome compared to healthy men.

Taken together, the studies published in this Research Topic
provide novel epigenetic, proteomic, transcriptomic targets of
idiopathic male infertility, suggesting a unifying hypothesis and
highlighting novel aspects of SC function. These data may help to
reach a better comprehension of the causes of infertility. However,
further efforts from the scientific community are still expected to
understand the causes of idiopathic male infertility better.
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Follicle-stimulating hormone (FSH), a major regulator of spermatogenesis, has a crucial

function in the development and function of the testis and it is extensively given as a

fertility treatment to stimulate spermatogenesis. We analyzed the effects of different FSH

preparations (α-follitropin, β-follitropin, and urofollitropin) in combination with testosterone

on porcine pre-pubertal Sertoli cells. To study the effect of the different FSH treatments

in the Sertoli cell function we performed Real Time PCR analysis of AMH, inhibin B,

and FSH-r, an ELISA assay for AMH and inhibin B, and a high-throughput comparative

proteomic analysis. We verified that all three preparations induced a reduction of AMH

in terms of mRNA and secreted proteins, and an increase of inhibin B in terms of mRNA

in all the FSH formulations, while solely α-follitropin produced an increase of secreted

inhibin B in the culture medium. Comparative proteomic analysis of the three FSH

preparations identified 46 proteins, 11 up-regulated and 2 down-regulated. Surprisingly,

the combination of testosterone with β-follitropin specifically induced an up-regulation

of eight specific secreted proteins. Our study, showing that the three different FSH

preparations induce different effects, could offer the opportunity to shed light inside new

applications to a personalized reproductive medicine.

Keywords: Sertoli cells, alpha follitropin, beta follitropin, urofollitropin, proteomic analysis
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INTRODUCTION

Follicle-stimulating hormone (FSH), a glycoprotein hormone
secreted by the anterior pituitary gland, plays a key function in
the treatment of human infertility. In infertile women it is widely
prescribed to stimulate follicular development, meanwhile,
in males, it is used alone or in association with Human
chorionic gonadotropin (hCG) to trigger off and maintain
spermatogenesis both in hypogonadotropic hypogonadism (1),
and in oligozoospermic subjects with normogonadotropic
hypogonadism (2).

FSH comprises two subunits, α and β, which are both
glycosylated and contain four N-linked carbohydrates. The
different content in sialic acid at the C-terminal determines a
family of glycoforms that explain the structural and functional
heterogeneity of the different FSH formulations (3).

The preparations of FSH available in the market are derived
by either recombinant DNA technology (rFSH such as α- and β-
follitropin) or post-menopausal urines (urofollitropin). α- and β-
follitropins are synthesized by the same recombinant technology,
producing identical dimeric α-FSH and β-FSH subunits, but with
differences in the further glycosylation and in the procedures of
purification. In contrast, urofollitropin consists of FSH with a
minimal LH activity, and it has low specific activity (∼100–150
IU FSH/mg protein). The low specific activity of this preparation
could be explained by the fact that more than 95% of the
protein content correspond to non-specific co-purified urinary
proteins (1).

Regarding the efficacy of the different FSH preparations in the
female, many contradictory results have been published in the
last 2 decades. The meta-analyses regarding the clinical efficacy
of different FSH preparations demonstrated no significant
differences in clinical or ongoing pregnancy and in the live-birth
rate, in the miscarriage rate, or for the incidence of multiple
pregnancy rate or ovarian hyperstimulation syndrome (OHSS)
between rFSH and urofollitropin (4–8).

Up to now, in the male, no data exist regarding the efficacy
of the treatment in relation to the FSH-therapy used. However,
a meta-analysis reported a significant positive effect of the
treatment with FSH both on sperm parameters and on pregnancy
rate in oligozoospermic patients with normal FSH levels (9).
Unfortunately, the studies included in the meta-analyses have an
extremely heterogeneity in the selection criteria of the patients, in
primary and secondary end-points, in the doses of FSH treatment
and in time of treatment (10).

Sertoli cell (SC) is one of the principal actors in
spermatogenesis as it provides nourishment, and structural
and functional support to germ cells. Moreover, it protects germ
cells by the blood-testis barrier (BTB) and by the production
of immunomodulatory factors (11). In testis, FSH controls the
function of SC through FSH receptors (FSH-r), which are only
present in SC. In particular, FSH plays a pivotal role in the early
stages of spermatogenesis, while testosterone has a major role in
spermiogenesis (12).

In the prepubertal testis, SC is the most representative cell
population. However, during this stage, there is a low activity
of the hypothalamic–pituitary–gonadal axis reflected by the high

levels of Anti-Müllerian Hormone (AMH) and inhibin B in
serum (13). In contrast, during puberty, testosterone induces SC
maturation and inhibits AMH production (13).

The aim of this research was to assess the effects of the
different FSH formulation in an “in vitro” model of porcine
pre-pubertal SC, in order to evaluate the SC responsiveness to
pharmacological treatment of different FSH preparations, never
assessed until now.

MATERIALS AND METHODS

SC Culture, Characterization, and
Stimulation
Pure porcine pre-pubertal SC were isolated and characterized
according to previously reported methods (14–16).

Purified SC cultures, as previously stated (14–16), were treated
for 48 h as follows, and stimulation was performed according to
the previously described protocol (17):

• Stimulated with testosterone (0.2µg/ml; SIT, Pavia, Italy)
(control group);

• Stimulated with α-follitropin (α-FSH) 100 nM and
testosterone (0.2µg/ml);

• Stimulated with β-follitropin (β-FSH) 100 nM and
testosterone (0.2µg/ml);

• Stimulated with Urofollitropin (u-FSH) 100 nM and
testosterone (0.2µg/ml).

We used testosterone in addition to any of the FSH formulation
to mimic a physiological condition in testis, considering that
both FSH and testosterone are essential for the adequate
spermatogenesis (12).

Quantitative, Real-Time PCR
Analyses for AMH, inhibin B, and FSH receptor (FSH-r) were
performed as previously described (17) employing the primers
listed in Table 1. Total RNA was extracted from SC monolayers
obtained in the experimental groups using Trizol reagent (Sigma-
Aldrich, Milan, Italy), and quantified by reading the optical
density at 260 nm. In detail, 2.5 µg of total RNA was subjected
to reverse transcription (RT, Thermo Scientific, Waltham, MA,
USA) to a final volume of 20 µl. We performed the qPCR with
the use of 25 ng of the cDNA obtained by RT and a SYBR Green

TABLE 1 | Primer sequences for PCR analyses.

Gene Forward sequences

(5′-3′)

Reverse sequences

(5′-3′)

AMH GCGAACTTAGCGTGGACC

TG

CTTGGCAGTTGTTGGCTT

GATATG

Inhibin B CCGTGTGGAAGGATGAG

G

TGGCTGGAGTGACTGGAT

FSH-r TGAGTATAGCAGCCACAG

ATGACC

TTTCACAGTCGCCCTCTTT

CCC

β-actin ATGGTGGGTATGGGTCAG

AA

CTTCTCCATGTCGTCCCA

GT
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Master Mix (Stratagene, Amsterdam, The Netherlands). This
procedure was performed in an Mx3000P cycler (Stratagene),
using FAM for detection and ROX as the reference dye. We
normalized the mRNA level of each sample against β-actin
mRNA and expressed it as fold changes vs. the levels in the
control group.

Culture Media Isolation
Aliquots of the culture media (CM) of SC were collected after
48 h of stimulation, centrifuged at 1,500 g for 10min, and the
supernatant was saved at −20◦C for proteomic analysis and for
an ELISA assay for Inhibin B and AMH secretion performed as
previously described (18).

Proteomic Analysis of the SC Secretome
The SC CM for each sample was thawed and centrifuged at
3,000 g for 20min at 4◦C. The resulting supernatants were
filtered (0.45µm pore size) to remove cell debris and other
impurities if any. Afterward, to perform protein solubilization,
sodium dodecyl sulfate (SDS) and phenylmethylsulfonyl fluoride
(PMSF) were added to a final concentration of 2% (w/v) and
1mM, respectively. After 30min, all samples were centrifuged
at 4◦C at 16,000 g for 10min, and the supernatants (soluble
proteins) were kept, and proteins were precipitated overnight
in 80% cold acetone (v/v) at −20◦C. After centrifugation
at 17,530 g for 15min at 4◦C, the protein precipitates were
collected and resuspended in 1% SDS, 1mMPMSF in phosphate-
buffered saline (PBS) to perform protein quantification using
the BCA protein Assay Kit (PierceTM BCA protein Assay
Kit, Thermo Fisher Scientific, Rockford, IL), according to
manufacturer’s recommendations.

The TMT labeling was performed as described previously
(19, 20) and according to the manufacturer’s instructions.
Briefly, 50 µg of proteins from each sample were transferred
to a new tube and adjusted to a final volume of 50 µl
with 100mM triethylammonium bicarbonate (TEAB) to obtain
a 1 µg/µl concentration. Proteins were reduced in 9.5mM
tris (2-carboxyethyl) phosphine (TCEP), alkylated with 17mM
iodoacetamide (IAA), and precipitated by adding six volumes of
100% cold acetone. Then, samples were centrifuged at 17,500 g,
and the acetone-precipitated protein pellets (containing 50 µg
of proteins) were resuspended in 50 µl of 100mM TEAB.
Trypsin was added at a 1:22 protease-to-protein ratio and
incubated overnight at 37◦C. Prior to peptide labeling, an aliquot
from each sample was taken and combined at equal amounts
to form the internal control. After, 35 µg of peptides from
each sample (including the internal control) were labeled with
TMT isobaric tags (TMT 10-plex Mass Tag Labeling; Thermo
Fisher Scientific, Rockford, IL). The technical reproducibility and
analytical reliability of the approach were assessed by performing
duplicate analyses on the internal control. Then, 15 µl of
the TMT label reagents, previously resuspended in acetonitrile
anhydrous (ACN), were added to the corresponding sample,
followed by 1 h incubation at RT. Afterward, the reaction was
stopped by adding 5% hydroxylamine. The TMT-labeled samples
were combined at equal amounts constituting one multiplex
pool, which was dried in a vacuum centrifuge and resuspended

in 50 µl of 0.5% trifluoroacetic acid in 5% ACN. After, labeled
peptides were cleaned up via reversed-phase C18 spin columns
(Pierce C18 Spin Columns, Thermo Fisher Scientific, Rockford,
IL), according to manufacturer’s instructions. Then, the peptides
were reconstituted in 0.1% formic acid (FA) to be processed
by LC-MS/MS.

Our MS data was collected using a nano-LC Ultra 2D
Eksigent (AB Sciex, Brugg, Switzerland) attached to an LTQ-
Orbitrap Velos (Thermo scientific, San Jose, CA). Peptides were
injected onto a C18 trap column (L 2 cm, 100µm ID, 5µm,
120 Å; NanoSeparations, Nieuwkoop, the Netherlands) and
chromatographic analyses were performed using an analytical
column (L 15 cm, 75µm ID, 3µm, 100 Å; Thermo scientific,
San Jose, CA). The buffers used for the analysis were buffer
A (97% H2O-3% ACN, 0.1% FA) and buffer B (3% H2O-97%
ACN, 0.1% FA). A peptide mixture was loaded onto the analytical
column with the following gradient: time 0–5min, 0% of B;
5–180min, 0–32.5% of B; 180–185min, 32.5–100% of B at a
flow rate of 400 ml/min; and 185–200min, 100% of B at a
flow rate of 400 nl/min to avoid carry-over. MS/MS analyses
were performed using an LTQ-Orbitrap Velos (Thermo Fisher
Scientific, Waltham, MA) with a nanoelectrospray ion source.
The LTQ-Orbitrap Velos settings included one 30,000 resolution
at 400 m/z MS1 scan for precursor ions followed by MS2 scans
of the 15 most intense precursor ions, at 30,000 resolution
at 400 m/z, in positive ion mode. The lock mass option was
enabled, and mass calibration was performed on polysiloxane
(m/z 445.12003). MS/MS data acquisition was completed using
Xcalibur 2.1 (Thermo Fisher Scientific, Waltham, MA). MS2
experiments were performed using higher-energy collision
dissociation (HCD) with a normalized collision energy of 42%.

LC-MS/MS data was analyzed using Proteome Discoverer
1.4.1.14 (Thermo Fisher Scientific, Waltham, MA, USA) based
on SEQUEST HT cluster as search engine (University of
Washington, licensed to Thermo Electron Corp., San Jose, CA)
against UniProtKB/Swiss-Prot database with Sus scrofa (released
September 2018; 3,339 sequences). Searches were run applying
the following parameters: two maximum missed cleavage sites
for trypsin, TMT-labeled lysine (+229.163 Da) and methionine
oxidation (+15.995 Da) as dynamic modifications, cysteine
carbamidomethylation (+57.021 Da) as a static modification, 20
ppm precursor mass tolerance, 0.6 Da fragment mass tolerance.
Percolator was used for protein identification, applying the
following identification criteria: at least one unique peptide
per protein and a FDR of 1%. The reporter ion intensities
were corrected according to the isotopic purities provided by
the manufacturer.

For protein quantification purposes, only unique peptides
were used, and protein ratios (i.e., TMT-127/TMT-126) were
normalized to protein median. The cut-off for up-regulated
proteins was ≥1.500, and for down-regulated proteins was ≤

0.667 as previously reported (21).

Statistical Analysis
Values reported in the figures are the mean ± S.D. of three
independent experiments, each one performed in triplicate.
Statistical analysis was performed by the paired Student’s t-test
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using SigmaStat 4.0 software (Systat Software Inc., CA, USA). All
tests were performed in triplicate, and statistically significance
was assigned for p < 0.05.

RESULTS

Purification and Characterization of SC
The isolated SC culture was 95% pure as indicated by
immunostaining for AMH (Figure 1a) with an extremely
low percentage of non-SC cells (<5%) characterized by
immunostaining for insulin-like 3-positive (Leydig) cells (INSL-
3) (Figure 1b), alpha-smooth muscle actin positive (peritubular
myoid) cells (ASMA) (Figure 1c) and protein gene product
9.5-positive (gonocytes and spermatogonial) cells (PGP9.5)
(Figure 1d).

Inhibin B, AMH, and FSH-r Gene
Expression in SC
AMH gene expression in SC was significantly down-regulated
by treatment with α-, β-follitropin, and urofollitropin in
combination with testosterone treatment compared with
testosterone alone (Figure 2A, p < 0.001).

In contrast, inhibin B expression was significantly increased
after treatment with α-, β-follitropin, and urofollitropin, each
other combined with testosterone treatment compared with
testosterone alone (Figure 2A, p < 0.001).

Moreover, we found a statistically significant reduction
of FSH-r upon all three FSH preparations plus testosterone
compared with testosterone alone (Figure 2A, p < 0.001).

Inhibin B and AMH Secretion Assay
The secretion of AMH was significantly down-regulated by
α-, β-follitropin, and urofollitropin plus testosterone treatments
compared with testosterone alone, consistent with the results of
gene expression showed above (Figure 2B, p < 0.001).

Meanwhile, inhibin B was significantly increased in culture
medium only after exposure to α-follitropin plus testosterone
(Figure 2B, p < 0.001), while no changes were observed after
β-follitropin plus testosterone stimulation. Interestingly, we
observed a significant reduction of inhibin B after the stimulation
with urofollitropin plus testosterone compared with testosterone
alone (Figure 2B, p < 0.05).

Secretomic Protein Profiling
In order to evaluate the differences induced by the
different FSH preparations on SC secretomic profiles,
we performed a comparative proteomic analysis of the
SC culture media in the groups treated with testosterone
associated with α-, β-follitropin, and urofollitropin,
and we compared it with the group of the testosterone
treatment alone.

The proteomic analysis resulted in the identification of 46
TMT-labeled proteins in all the SC culture media proteomes
(Table 2). Of those, 13 proteins were detected in a significantly
altered abundance (Table 3). Specifically, 11 proteins were
observed as up-regulated (Table 3; cut-off ≥ 1.500) and 2
proteins as down-regulated (Table 3; cut-off ≤ 0.667) by the
different FSH preparations. All the different FSH preparations
showed a down-regulation of the secreted SPARC protein

FIGURE 1 | Sertoli cells characterization by immunofluorescence staining (green color). Sertoli cell monolayers were characterized by the expression of (a) AMH, (b)

INSL3, (c) ASMA, and (d) (PGP9.5). Nuclei are labeled with DAPI in blue color. Bars = 20µm.
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FIGURE 2 | Real-time PCR analysis and ELISA assays. (A) Gene expression in SC of AMH, inhibin B, and FSH-r. (B) AMH and inhibin B secretion in SC culture

medium. Data represent the mean ± S.D. (*p < 0.05, **p < 0.001) of three independent experiments performed in triplicate.

and an up-regulation of 3 proteins (PLAT, INHBA, and
TPI1, Table 3).

Interestingly, an up-regulation of 8 additional secreted
proteins (ACTB, UBC, PRDX2, PPIA, SPP1, HBB, MIF, and
S100A6) and a down-regulation of Histone H4 were specifically
observed after the use of β-FSH with T, as reported in Table 3.

DISCUSSION

In the present work, we have focused on the “in vitro” effect of
different FSH preparations on pre-pubertal porcine SC culture,
evaluating the modulation of specific markers determined
through different approaches. All the FSH preparations assessed
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TABLE 2 | List of the 46 TMT-labeled proteins identified in the Sertoli cell culture.

Accession Gene name Description Coverage # Proteins # Peptides # Unique Peptides MW (kDa)

P08835 ALB Serum albumin 14.00 1 12 12 69.6

Q29549 CLU Clusterin 40.36 1 14 14 51.7

P01025 C3 Complement C3 16.68 1 21 21 186.7

P04087 INHA Inhibin alpha chain 31.04 1 8 8 39.2

Q6QAQ1 ACTB Actin, cytoplasmic 1 22.40 1 6 2 41.7

P20305 GSN Gelsolin (Fragment) 11.79 1 7 7 84.7

Q9GKQ6 BGN Biglycan (Fragments) 31.99 1 7 7 30.4

P00761 N/A Trypsin 9.96 1 2 2 24.4

P18648 APOA1 Apolipoprotein A-I 32.83 1 7 7 30.3

P02543 VIM Vimentin 8.37 1 4 4 53.6

P04404 CHGA Chromogranin-A (Fragment) 16.59 1 5 5 49.3

P20112 SPARC SPARC 24.67 1 6 6 34.2

P68137 ACTA1 Actin, alpha skeletal muscle 15.65 1 5 1 42.0

P0CG68 UBC Polyubiquitin-C 32.83 2 2 2 60.0

Q29095 PTGDS Prostaglandin-H2 D-isomerase 16.40 1 3 3 20.6

Q8SQ23 PLAT Tissue-type plasminogen activator 8.54 1 3 3 63.6

Q1KYT0 ENO3 Beta-enolase 8.06 1 2 2 47.1

P80031 GSTP1 Glutathione S-transferase P 7.73 1 1 1 23.5

P35624 TIMP1 Metalloproteinase inhibitor 1 9.18 1 1 1 23.1

P62802 N/A Histone H4 11.65 1 1 1 11.4

A5A8V7 HSPA1L Heat shock 70 kDa protein 1-like 6.08 1 2 2 70.3

P10668 CFL1 Cofilin-1 18.67 2 2 2 18.5

Q9XSD9 DCN Decorin 5.28 1 2 2 39.9

Q49I35 LGALS1 Galectin-1 5.93 1 1 1 14.7

P52552 PRDX2 Peroxiredoxin-2 (Fragment) 7.09 1 1 1 14.2

O97763 NPC2 NPC intracellular cholesterol transporter 2 16.78 1 2 2 16.3

P79295 AMH Muellerian-inhibiting factor 7.65 1 3 3 61.5

P62936 PPIA Peptidyl-prolyl cis-trans isomerase A 5.49 1 1 1 17.9

Q29243 DAG1 Dystroglycan 1.82 1 1 1 95.4

P14287 SPP1 Osteopontin 5.28 1 1 1 33.6

P00690 AMY2 Pancreatic alpha-amylase 2.74 1 1 1 57.0

P43368 CAPN3 Calpain-3 1.83 1 1 1 94.5

P00172 CYB5A Cytochrome b5 6.72 1 1 1 15.3

P29412 EEF1B Elongation factor 1-beta 6.70 1 1 1 24.6

P02067 HBB Hemoglobin subunit beta 6.12 1 1 1 16.2

O02705 HSP90AA1 Heat shock protein HSP 90-alpha 1.91 1 1 1 84.7

P03970 INHBA Inhibin beta A chain 7.08 1 2 2 47.4

P01315 INS Insulin 19.44 1 1 1 11.7

P80928 MIF Macrophage migration inhibitory factor 7.83 1 1 1 12.4

Q2EN75 S100A6 Protein S100-A6 8.89 1 1 1 10.1

P03974 VCP Transitional endoplasmic reticulum ATPase 2.11 1 1 1 89.2

Q29371 TPI1 Triosephosphate isomerase 6.05 1 1 1 26.7

P42639 TPM1 Tropomyosin alpha-1 chain 4.58 1 1 1 32.7

P09571 TF Serotransferrin 2.01 1 1 1 76.9

P50390 TTR Transthyretin 4.67 1 1 1 16.1

P04185 PLAU Urokinase-type plasminogen activator 3.85 1 1 1 49.1

N/A, Not applicable.

in the current study, α-, β-follitropin, and urofollitropin, induced
a significant and similar response in terms of down-regulation of
both AMH gene expression and AMH secretion, up-regulation of

inhibin B gene expression and down-regulation of the expression
of FSH-r gene expression. AMH is a glycoprotein dimeric
hormone, a member of the transforming growth factor β (TGF-β)
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TABLE 3 | List of the up- and down-regulated proteins in Sertoli cell medium after stimulation with the different FSH preparations plus testosterone, compared with

testosterone treatment alone.

Accession Gene name Description αFSH+T/T βFSH+T/T uFSH+T/T

P03970 INHBA Inhibin beta A chain 1.804 1.835 3.084

Q8SQ23 PLAT Tissue-type plasminogen activator 1.881 2.533 1.857

Q29371 TPI1 Triosephosphate isomerase 1.786 2.132 1.562

Q6QAQ1 ACTB Actin, cytoplasmic 1 1.377 1.618 1.147

P0CG68 UBC Polyubiquitin-C 1.185 1.500 1.357

P52552 PRDX2 Peroxiredoxin-2 (Fragment) 1.459 1.634 1.077

P62936 PPIA Peptidyl-prolyl cis-trans isomerase A 1.358 1.980 1.076

P14287 SPP1 Osteopontin 1.016 2.134 1.191

P02067 HBB Hemoglobin subunit beta 1.270 1.814 1.336

P80928 MIF Macrophage migration inhibitory factor 1.412 1.513 1.233

Q2EN75 S100A6 Protein S100-A6 1.302 1.564 1.100

P20112 SPARC SPARC 0.589 0.474 0.485

P62802 N/A Histone H4 1.275 0.630 1.049

N/A, Not applicable.

The values in bold indicate the cut-off ≥1.500 for up-regulated proteins, and ≤ 0.667 for down-regulated proteins.

family, that plays a pivotal function in fetal sex differentiation,
being involved in the regression of the Müllerian ducts (22).
In the male, SC secretes high amounts of AMH from fetal life
until the onset of puberty. AMH is exclusively secreted by SC
and, for this reason, it is widely considered an important marker
of the testicular function during the pre-pubertal life (22). We
observed that testosterone alone and in combination with the
three FSH preparations induced a significant down-regulation
in AMH mRNA expression and secretion. As expected, we
also demonstrated a statistically significant reduction in FSH-r
expression independently of the FSH preparation. These data are
in accordance with literature reporting how the interaction of the
hormone with its receptor leads to the down-regulation of FSH-
r mRNA expression by a cAMP-dependent post-transcriptional
mechanism (23).

Another specific and important marker of SC functionality
is inhibin B, which provides for a negative feedback on FSH
secretion. In particular, serum inhibin B concentration is high
during early postnatal life, and then gradually is reduced to
a detectable plateau-level until its increase at the beginning
of puberty (12). The assay of inhibin B is used in clinical
practice to evaluate the presence and function of SC during
childhood. Additionally, in adult life, the inhibin B levels depend
on the presence of germ cells thus reflecting the efficiency of
spermatogenesis (24). Our results demonstrated that all three
FSH preparations plus testosterone significantly induced an up-
regulation in the levels of inhibin B mRNA, confirming the role
of FSH in inducing the transcription of inhibin B gene.

Our SC secretomic analysis uncovered a similar response
after stimulation of SC with the different FSH preparations.
On the one hand, we demonstrated the reduction levels of
secreted SPARC protein after stimulation of SC with the different
FSH preparations. SPARC, also known as osteonectin or BM-
40, is a multifunctional protein that can modulate cell shape,
proliferation, differentiation, and migration (25). SPARC has

been found to interact with structural matrix proteins and may
act to mediate their interactions with cells (24–28). In addition,
SPARC can regulate the activity of several signaling molecules,
either by direct interaction or by interfering with their signaling
pathways (29–31). In our scenario, it is known that SPARC
is produced by Leydig and Sertoli cells (32, 33), and that it
is internalized in Sertoli, Leydig, and germ cells (34), playing
a paracrine regulatory role during fetal testis development.
Furthermore, the expression of SPARC in SC bearing late-stage
elongate spermatids might suggest a role in the spermiation of
elongated spermatids (33). Future studies will comprehensively
define the function of SPARC in Sertoli-germ cell interaction and
spermiogenesis. Here we provide for the first time information
about the down-regulation of SPARC secretion by FSH.

On the other hand, the proteomic analysis also showed
that tissue-type plasminogen activator (PLAT), triosephosphate
isomerase (TPI1), and inhibin beta A chain (INHBA) proteins
were up-regulated by the stimulation with α-, β-follitropin,
and urofollitropin in presence of normal androgen milieu.
Specifically, the inhibin beta A chain was observed as upregulated
in proteomics by all the FSH preparations, and the higher
increase was observed for urofollitropin. Despite this evidence,
only α-follitropin stimulation induced a significative increase in
the inhibin B levels in the medium, as documented by ELISA.
INHBA is a subunit of both activin B and inhibin B (24). In the
testis, it has been postulated that activin B acts as an autocrine
and paracrine regulator of spermatogenesis (35, 36), modulating
the proliferation in the testis of germ cells and SC (37). We
might speculate that β-follitropin and, especially, urofollitropin,
induce the activation of the INHB gene and the production of
INHB, but do not increase the levels of INHB in the medium
since they might increase the levels of activin B instead of
inhibin B. Further studies are so needed to understand how
the different FSH preparations modify the inhibin B and activin
B balance.
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The remaining two up-regulated proteins have been
previously associated with SC. For example, previous studies
demonstrated low levels of PLAT activity in cultured SC under
basal conditions, whereas FSH stimulation induces PLAT
(38, 39). Our results through a quantitative in vitro secretomic
approach support the increased secretion of PLAT after FSH
treatment independently of the FSH preparation. Interestingly,
the plasminogen activator system acts in the process of
spermiation (40), the detachment of residual bodies from the
mature spermatids (41), and the residual body phagocytosis
by SC (42). Triosephosphate isomerase has moreover been
previously reported to be expressed in SC (43). An increased
TPI1 expression in SC may influence the early activities of
spermatogenesis, such as mitosis or initiation of meiosis, by
spermatogonia or pre-leptotene spermatocytes, respectively (43).

Surprisingly, the combination of β-follitropin with
testosterone revealed specific effects in the SC function
besides the aforementioned similar effect of all tested FSH
treatments. Specifically, the levels of eight additional proteins
were up-regulated, which were: Actin (ACTB), Polyubiquitin-C
(UBC), Peroxiredoxin-2 (PRDX2), Peptidyl-prolyl cis-trans
isomerase A (PPIA), Osteopontin (SPP1), Hemoglobin subunit
beta (HBB), Macrophage migration inhibitory factor (MIF), and
Protein S100-A6 (S100A6); and just one protein, Histone H4,
was down-regulated.

It is important to underline that some of these proteins might
have a pivotal role both in the germ cell migration and in the
cell-to-cell contact at the blood-testis barrier (BTB). For example,
actin filament bundles have been described in specific Sertoli cell
regions that are adjoining to tight junctions and to the sites of
adhesion to spermatogenic cells (44). During spermatogenesis,
these actin bundles undergo organizational changes, which
might play a role in changing the interrelationship between SC
and germ cells by facilitating the movement of spermatogenic
cells (44). Similarly, SPP1, synthesized by SC and germ cells,
is involved in cell adhesion and migration (45), and MIF,
produced by SC under basal conditions, induces the migration
of spermatogonial cells (46). Also, we found up-regulation of
PPIA, a protein highly expressed in SC that has been recognized
as a crucial factor in BTB integrity and maintenance (47), as
well as S100A6, a protein that promotes cell migration and
influences cell junction of SC (48) that could be implied in the
spermatogenesis and modulation of BTB.

Interestingly, β-follitropin also increased PRDX2, an
antioxidant protein preferentially expressed in SC that might
play a role in removing or regulating the intracellular levels
of peroxides produced during metabolism (49, 50). Additional
up-regulated proteins were HBB, a metalloprotein that acts as a
scavenger balancing the level of carbon monoxide (CO) in testis
(51), and UBC, which is required for normal spermatogenesis
development (52).

In conclusion, α-, β-follitropin, and urofollitropin induced a
similar response as expressed by the down-regulation of AMH
gene expression and AMH secretion, and an up-regulation
and down-regulation of inhibin B and FSH-r gene expression,
respectively, thus exerting an interesting effect in inducing
maturation of SC from a pre-pubertal to an adult phenotype.

This data confirms that the FSH in presence of an androgenic
milieu regulates the proliferation and functional maturation
of Sertoli cell type (53). Moreover, all three FSH preparations
induced a down-regulation of a spermiation related protein,
the SPARC, supporting the role of FSH in the regulation of
spermatogenesis. Nevertheless, there are some specific effects of
each FSH preparation, which need consideration before their
prescription to infertile males.

For instance, only α-follitropin, in association with
testosterone, induced the secretion in the media of inhibin
B. Since inhibin B secreted by Sertoli cells could serve as negative
feedback control on the hypothalamic-pituitary system to
decrease FSH release (54), we might suppose that α-follitropin
could have an inhibitory effect on the hypothalamic/pituitary
axis in vivo. If these preliminary data obtained in our in vitro
model would be confirmed by further in vitro and in vivo
studies, we might conclude that male secondary hypogonadism
would represent the best indication for this treatment since
it induces a good response in terms of Sertoli activation, and
the increase in Inhibin B secretion does not have any clinical
relevance. In contrast, the increase of Inhibin B secretion as a
response to α-follitropin treatment might represent a problem
for normogonadotropic infertile patients since it might inhibit
physiological pituitary FSH secretion.

In the case of urofollitropin, it induces a similar secretomic
profile but also an increase in the release of INHBA without
increasing the levels of secreted inhibin B, suggestive of
an increasing release of activin B. This panel of action
might be useful for treating oligozoospermic patients with
normal FSH secretion. Therefore, we might speculate that—
if these preliminary data would be confirmed—urofollitropin
might represent the best treatment option for patients with
normogonadotropic hypogonadism, since it seems to induce
an increase in the secreted proteins, including the A chain of
inhibin B and, consequentially, activin B, without increasing
the levels of inhibin B, which might interfere with pituitary
FSH secretion.

Finally, β-FSH stimulation exhibits additional effect up-
regulating specific proteins mainly related to spermatogenic cell
migration and BTB maintenance. In this context, the stimulation
of SC with β-follitropin exerts his effect in the modulation of
additional proteins implicated in the last stage of spermiation and
in the related antioxidant activity. Further studies are needed to
confirm that β-follitropin treatment is the best treatment option
for patients with a spermatogenic arrest at the spermatid stage, as
suggested by these preliminary in vitro data.

This molecular and proteomic approach demonstrated how
some molecular effects seem to have a specific signature
depending on each FSH preparation. The different molecular
responses could help to choose which of the different FSH
preparations could be used for infertility treatment according
to the different present physio-pathological conditions. We
can argue that α-follitropin can find a specific clinical use
in hypospermatogenesis due to hypogonadotropic stimulus or
in inducing spermatogenesis in puberty; β-follitropin could be
specifically indicated to improve spermiation or in case of
spermatidic arrest; and, finally, urofollitropin could be useful
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in idiopathic infertility in normogonadotropic patients. In
conclusion, we performed for the first time a comparative
study on the effects of different preparations of FSH on in
vitro porcine pre-pubertal SC model. In the landscape of a
personalized medicine, this study opens a window on the
different use of the FSH formulations in relation to various
clinical therapeutic targets.
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Previous studies were controversial in the effects of metabolic syndrome (MetS) on

semen quality and circulating sex hormones, and thus we conducted a systematic review

and meta-analysis to clarify the association. A systematic search was conducted in

public databases to identify all relevant studies, and study-specific standardized mean

differences (SMD) and 95% confidence intervals (CI) were pooled using a random-effects

model. Finally, 11 studies were identified with a total of 1,731 MetS cases and 11,740

controls. Compared with the controls, MetS cases had a statistically significant decrease

of sperm total count (SMD:−0.96, 95%CI:−1.58 to−0.31), sperm concentration (SMD:

−1.13, 95% CI: −1.85 to −0.41), sperm normal morphology (SMD: −0.61, 95% CI:

−1.01 to −0.21), sperm progressive motility (SMD: −0.58, 95% CI: −1.00 to −0.17),

sperm vitality (SMD: −0.83, 95% CI: −1.11 to −0.54), circulating follicle-stimulating

hormone (SMD: −0.87, 95% CI: −1.53 to −0.21), testosterone (SMD: −5.61, 95%

CI: −10.90 to −0.31), and inhibin B (SMD: −2.42, 95% CI: −4.52 to −0.32), and a

statistically significant increase of sperm DNA fragmentation (SMD: 0.76, 95% CI: 0.45

to 1.06) and mitochondrial membrane potential (SMD: 0.89, 95% CI: 0.49 to 1.28).

No significant difference was found in semen volume, sperm total motility, circulating

luteinizing hormone (LH), estradiol, prolactin and anti-Müllerian hormone (AMH) (P >

0.05). In conclusion, this meta-analysis demonstrated the effects of MetS on almost all

the semen parameters and part of the circulating sex hormones, and MetS tended to

be a risk factor for male infertility. Further larger-scale prospective designed studies were

needed to confirm our findings.

Keywords: metabolic syndrome, semen quality, sex hormones, meta-analysis, male infertility

INTRODUCTION

Metabolic syndrome (MetS) is a complex of clinical conditions characterized by abdominal
obesity, dyslipidemia, hypertension and insulin resistance (1, 2). Despite a link between MetS
and poor health status, its impact on male infertility is still under discussion (3). First, as
an important feature of MetS, obesity was found to reduce semen quality by altering the sex
hormone levels and semenmicroenvironment, and inducing oxidative stress damage in sperms and
interstitial glands (4, 5). However, the meta-analysis by MacDonald et al. (6) found no significant
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FIGURE 1 | Flowchart of literature search.

association between body mass index (BMI) and semen
parameters, while it was associated with the prevalence
of azoospermia or oligozoospermia in the meta-analysis of
Sermondade et al. (7). Second, dyslipidemia, hypertension,
and diabetes mellitus could also affect male reproductivity by
decreasing testosterone secretion and causing testicular damage
and erectile dysfunction (8–10).

As a collection of these features, MetS was thought to be
involved in the pathogenesis ofmale infertility. Themeta-analysis
by Brand et al. (11) indicated a lower level of testosterone in
men with MetS, but it failed to evaluate the effects of MetS on
other circulating sex hormones and semen quality. The review
by Corona et al. (12) analyzed the relationship between obesity,
its metabolic complications and male hypogonadism (HG), and
their contribution to the pathogenesis of erectile dysfunction.
The meta-analysis by Rastrelli et al. (13) evaluated the association
between MetS and HG, the association between HG and
specific MetS components (central obesity, glucose tolerance,
dyslipidemia, and hypertension), the association between MetS
and sexual symptoms, the effects of MetS treatment on HG,
and the effects of HG treatment on MetS. However, no meta-
analyses have systematically and quantitatively evaluated the
effects of MetS on both semen quality and several sex hormones
in men, although there existed obvious controversies in original
studies. Thus, this meta-analysis aimed to clarify the role of MetS
in male infertility by assessing its impact on both semen and
hormonal parameters.

MATERIALS AND METHODS

Search Strategy
The databases of PubMed and Embase were searched for relevant
studies published up to March 1st, 2020, using the key words:
(“metabolic syndrome” OR “syndrome X” OR “insulin resistance
syndrome” OR “metabolic X syndrome” OR “dysmetabolic
syndrome” OR “reaven syndrome” OR “metabolic cardiovascular
syndrome”) AND (“sperm” OR “semen” OR “spermatozoa”
OR “sperm count” OR “sperm concentration” OR “semen
quality” OR “semen parameters” OR “sperm quantity” OR “total
sperm count” OR “azoospermia” OR “oligozoospermia”). We
also reviewed the references of related studies and reviews
for undetected studies. This study was approved by the ethics
committee of Linyi People’s Hospital (No. 2020006).

Study Selection and Exclusion
Two authors (LZ and AP) reviewed the studies independently.
The inclusion criteria were as follows: (i) focused on MetS cases
and controls; (ii) any measurement of semen volume, total sperm
count, sperm concentration, sperm normal morphology, sperm
total motility, sperm progressive motility, sperm vitality, sperm
DNA fragmentation or mitochondrial membrane potential
(MMP); (iii) measurement levels were presented as mean or
median with standard error (SD), 95% confidence interval
(95% CI), range or inter-quartile range (IQR). The exclusion
criteria were as follows: abstracts without full texts, reviews,
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TABLE 1 | Characteristics of included studies.

References Area Study population MetS diagnosis criteria Parameters MetS Controls

Num Levels Num Levels

Saikia et al. (17) Gauhati,

India

MetS and age-matched

controls (20∼40y)

International Diabetes

Federation (IDF) criteria in

2005

FSH (IU/L), median (range) 50 0.97 (0.76∼1.1) 30 3.8 (3∼4.2)

T (ng/mL), median (range) 2.32 (1.5∼4.5) 4.04

(1.98∼5.98)

InhB (pg/mL), median (range) 22.25

(14.42∼36)

124.43

(88.84∼198.94)

Total sperm count

(million/mL), median (range)

14 (10∼22) 70 (50∼78)

Total sperm volume (mL),

median (range)

3.15 (2.4∼4.2) 3.45 (2.5∼4.2)

Total sperm motility (%),

median (range)

69.5 (58∼82) 79.5 (70∼86)

Progressive motility (%),

median (range)

36 (32∼45) 54 (50∼59)

Normal morphology (%),

median (range)

82 (64∼90) 80 (70∼85)

Chen et al. (18) Taipei,

China

Participants of

reproductive age (mean

age 32∼34y)

Harmonized criteria in

2009

Sperm concentration, mean

(SD)

885 51.4 (40.21) 7,510 53.16 (40.89)

Sperm total motility (%), mean

(SD)

63.3 (18.11) 64.49 (16.17)

Sperm progressive motility

(%), mean (SD)

46.08 (18.05) 45.88 (16.68)

Sperm normal morphology

(%), mean (SD)

65.55 (17.59) 67.33 (16.41)

Ehala-Aleksejev

and Punab (FM)

(19)

Tartu,

Estonia

Partners of pregnant

women (FM) (mean age

32y)

National Cholesterol

Education in Program

(NCEP) criteria in 2004

Semen volume (mL), mean

(95% CI)

29 4.2 (3.5∼5) 209 3.7 (3.5∼4)

Sperm concentration

(106/mL), mean (95% CI)

55.9

(41.4∼75.4)

77.7

(69.9∼86.3)

Total sperm count (106), mean

(95% CI)

234.9

(175.2∼314.5)

289.5

(257.8∼325.1)

Motile spermatozoa (%),

mean (95% CI)

51.8

(48.3∼55.4)

51.5

(49.9∼53.2)

Normal morphology (%),

mean (95% CI)

9.2 (7.3∼11.2) 11.2 (10.5∼12)

FSH (IU/L), mean (95% CI) 4 (3.3∼5.1) 4.2 (3.8∼4.6)

LH (IU/L), mean (95% CI) 4.2 (3.6∼4.9) 3.7 (3.4∼3.9)

Testosterone (nmol/L), mean

(95% CI)

13.5

(11.4∼15.7)

17.3

(16.5∼18.1)

Estradiol (pmol/L), mean (95%

CI)

120.8

(101∼140.4)

124

(117.2∼130.9)

Ehala-Aleksejev

and Punab (MPIC)

(19)

Tartu,

Estonia

Male partners of infertile

couples (MPIC) (mean

age 33y)

National Cholesterol

Education in Program

(NCEP) criteria in 2004

Semen volume (mL), mean

(95% CI)

471 3.6 (3.5∼3.8) 2,171 3.9 (3.8∼4)

Sperm concentration

(106/mL), mean (95% CI)

40 (36.5∼45.9) 37.8 (35.8∼40)

Total sperm count (106), mean

(95% CI)

142.9

(126.1∼162.1)

144.3

(136.3∼152.6)

Motile spermatozoa (%),

mean (95% CI)

40.9

(39.4∼42.4)

41.5

(40.8∼42.1)

Normal morphology (%),

mean (95% CI)

6.9 (6.4∼7.4) 7 (6.7∼7.2)

FSH (IU/L), mean (95% CI) 4.3 (4∼4.6) 4.3 (4.2∼4.5)

(Continued)

Frontiers in Endocrinology | www.frontiersin.org 3 August 2020 | Volume 11 | Article 42820

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Zhao and Pang Metabolic Syndrome and Male Infertility

TABLE 1 | Continued

References Area Study population MetS diagnosis criteria Parameters MetS Controls

Num Levels Num Levels

LH (IU/L), mean (95% CI) 3.3 (3.1∼3.5) 3.6 (3.5∼3.7)

Testosterone (nmol/L), mean

(95% CI)

13.2

(12.5∼13.8)

17.4

(17.2∼17.7)

Estradiol (pmol/L), mean (95%

CI)

139.6

(133.5∼145.7)

130.6

(127.7∼133.5)

Ventimiglia et al.

(20)

Milan, Italy Secondary infertile men

(22∼68y)

National Cholesterol

Education in Program

(NCEP) criteria in 2004

FSH (mIU/mL), mean (range) 20 9.49 (0.3∼20.4) 147 6.74

(0.1∼93.97)

LH (mIU/mL), mean (range) 4.88 (0.1∼10) 4.47 (0.6∼32.8)

InhB (pg/mL), mean (range) 75.3 (6∼129.2) 114.6

(0.5∼245.7)

AMH (ng/mL), mean (range) 2.52 (1.3∼4.4) 7.04 (0.6∼19.3)

tT (ng/mL), mean (range) 3.44 (2∼6.26) 4.92

(1.75∼9.73)

E2 (pg/mL), mean (range) 35.89 (12∼69) 34.91 (11∼104)

PRL (ng/mL), mean (range) 15.58

(1.22∼319)

14.29

(1.08∼751)

TSH (µUI/mL), mean (range) 1.98

(0.65∼5.06)

1.83

(0.01∼15.58)

Semen volume (mL), mean

(range)

1.31 (0.1∼5) 2.58 (0.1∼10)

Sperm concentration

(106/mL), mean (range)

20.08 (0∼52.2) 34.53 (0∼167)

Progressive motility (%), mean

(range)

18.78 (0∼50) 25.28 (0∼78)

Normal morphology (%),

mean (range)

1.44 (0∼6) 8.01 (0∼70)

Ventimiglia et al.

(21)

Milan, Italy Primary infertile men

(mean age 36y)

National Cholesterol

Education in Program

(NCEP) criteria in 2004

FSH (mIU/mL), median (IQR) 128 5.2 (3.3∼17) 1,209 5.7 (3.1∼12.7)

LH (mIU/mL), median (IQR) 4 (2.8∼6.6) 4.1 (2.7∼6.1)

InhB (pg/mL), median (IQR) 40 (27.3∼114.7) 85.8

(24.3∼142.9)

AMH (ng/mL), median (IQR) 4.1 (1.6∼5.4) 4.7 (2.4∼9.6)

tT (ng/mL), median (IQR) 3.8 (2.7∼5.3) 4.7 (3.6∼6)

E2 (pg/mL), median (IQR) 32 (24∼41) 32 (25∼42)

PRL (ng/mL), median (IQR) 8.5 (3.4∼18.2) 8 (3∼18)

TSH (µUI/mL), median (IQR) 1.7 (1.2∼2.6) 1.6 (1.1∼2.2)

Semen volume (mL), median

(IQR)

2 (0.1∼3) 2 (0.1∼2.5)

Sperm concentration

(106/mL), median (IQR)

13.8 (2.2∼40.8) 14.2 (3.8∼44.1)

Progressive motility (%),

median (IQR)

25 (11∼44) 25 (10∼40)

Normal morphology (%),

median (IQR)

5 (0∼16) 4 (0∼12)

Total sperm count, median

(IQR)

25.3 (5.7∼72.8) 28.7 (6.3∼75.4)

Pilatz et al. (22) Giessen,

Germany

MetS and controls

(30∼62y)

National Cholesterol

Education Program

(NCEP) criteria in 2001

and International Diabetes

Federation (IDF) criteria in

2009

Volume (mL), median (range) 27 2.7 (0.2∼8.5) 27 3 (1∼7.8)

(Continued)
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TABLE 1 | Continued

References Area Study population MetS diagnosis criteria Parameters MetS Controls

Num Levels Num Levels

Sperm concentration

(106/mL), median (range)

52 (0.01∼379) 58 (5.8∼404)

Progressive motility (%),

median (range)

48 (16∼64) 43 (0∼72)

Sperm morphology (normal

forms, %), median (range)

4 (0∼14) 5 (0∼18)

Leisegang et al.

(23)

Bellville

and

Stellenbosch,

South

Africa

MetS and controls

(25∼65y)

International Diabetes

Federation (IDF) criteria in

2009

Ejaculation volume (mL),

median (IQR)

32 2 (1.2∼2.5) 42 2.55 (1.95∼3.5)

Sperm concentration

(million/mL), median (IQR)

26.7 (15.8) 43.7 (24.6)

Total sperm count (million),

median (IQR)

48.1

(25.5∼65.8)

103.6

(65.6∼139.5)

Sperm vitality (% sperm alive),

median (IQR)

50 (23.2) 67.3 (15.4)

Progressive motility (% motile),

median (IQR)

20 (17.1) 29.4 (17.2)

Total motility (% motile),

median (IQR)

42.9 (19.9) 57.5 (20.8)

MMP (% abnormal), median

(IQR)

63.1 (22.2) 42.1 (25.8)

DNA fragmentation (%

abnormal), median (IQR)

26.9 (19.7) 13.9 (9.8)

Elsamanoudy et al.

(24)

Mansoura,

Egypt

Fertile MetS and controls

(mean age 39∼40y)

International Diabetes

Federation (IDF) criteria in

2009

Volume (mL), mean (SD) 38 2.37 (0.67) 45 2.18 (0.54)

Sperm concentration

(106/mL), mean (SD)

37.78 (9.91) 39.45 (14.2)

Progressive motility (%), mean

(SD)

43.68 (11.24) 49.67 (14.66)

Vitality (%), mean (SD) 54.73 (16.14) 68.7 (22.04)

Normal morphology (%),

mean (SD)

22.44 (5.02) 23.53 (6.78)

DNA fragmentation (%), mean

(SD)

26.95 (9.43) 20.78 (7.15)

Leisegang et al.

(25)

Western

Cape,

South

Africa

MetS and controls

(24∼67y)

International Diabetes

Federation (IDF) criteria in

2009

Ejaculation volume (mL),

mean (SD)

24 2.3 (1.6) 26 2.7 (1)

Sperm concentration

(106/mL), mean (SD)

24.6 (14.6) 43.2 (25.4)

Total sperm count (106), mean

(SD)

59.3 (57.1) 122 (108.2)

Progressive motility (%), mean

(SD)

21.7 (18.3) 31 (17.6)

Total motility (%), mean (SD) 41.8 (20.6) 54.8 (20.2)

Vitality (%), mean (SD) 47.2 (25) 67 (16)

Disturbed MMP (%), mean

(SD)

62.4 (22.3) 40.3 (24.5)

TUNEL-pos (%), mean (SD) 29.8 (20.4) 17.8 (12.1)

Lotti et al. (26) Florence,

Italy

Male members of infertile

couples

International Diabetes

Federation (IDF) criteria in

2009

FSH (IU/L), median (IQR) 27 5.6 (3.3∼9.2) 324 4.8 (3∼7.7)

(Continued)
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TABLE 1 | Continued

References Area Study population MetS diagnosis criteria Parameters MetS Controls

Num Levels Num Levels

LH (IU/L), median (IQR) 3.9 (2.8∼4.5) 3.7 (2.6∼5.2)

PRL (pmol/L), median (IQR) 282 (234∼489) 294 (226∼435)

TSH (mIU/L), median (IQR) 1.84

(1.13∼2.26)

1.51

(1.08∼2.09)

Total testosterone (nmol/L),

mean (SD)

13.8 (6.5) 16.7 (6.2)

Semen volume (mL), median

(IQR)

2.8 (1.3∼3.8) 3 (2∼4.2)

Sperm concentration

(106/mL), median (IQR)

16.1 (3.9∼49.5) 13 (1.6∼46)

Sperm progressive motility

(%), mean (SD)

39.3 (16.9) 36.2 (20.7)

Sperm morphology (%

normal), median (IQR)

4 (2∼6.3) 5 (2∼10)

MetS, metabolic syndrome; FSH, follicle-stimulating hormone; T, testosterone; tT, total testosterone; InhB, inhibin B; LH, luteinizing hormone; AMH, anti-Müllerian hormone; TSH,

thyroid-stimulating hormone; E2, estradiol; PRL, prolactin; MMP, mitochondrial membrane potential; IQR, inter-quartile range; SD, standard error; Num, number.

case reports, animal studies, and studies in languages other
than English.

Data Extraction and Quality Assessment
Two authors (LZ and AP) extracted the data by a standardized
collection form. All differences were resolved by discussion.
In each study, the following information was extracted: first
author, publication year, study area, study population, diagnosis
criteria of MetS, semen or sex hormone parameters, sample
size per group, and the testing values of semen parameters and
circulating sex hormones. For studies from the same area, we also
reviewed the medical center and study time to exclude duplicate
publications. The Newcastle-Ottawa Scale (NOS) was used to
assess the methodological quality of included studies (http://
www.ohri.ca/programs/clinical_epidemiology/oxford.asp).

Statistical Analysis
If the measurement levels were presented as mean or median
with range or IQR, they were converted to mean± SD according
to the methods by Wan et al. (14). Study-specific standardized
mean differences (SMD) and the corresponding 95% CI were
pooled by the Inverse Variance method to evaluate the effects
of MetS on selected parameters. A random-effects model was
used as the pooling method, which considered both within-
study and between-study variation. The heterogeneity among
studies was estimated by Q test and I2 statistic, and I2 >

50% represented substantial heterogeneity (15). Egger’s test was
used to detect publication bias (16). Sensitivity analysis was
conducted to estimate the stability of the meta-analysis by
omitting one study at a time during repeated analyses. Subgroup
analysis was conducted on the study cohorts [including fertile
cohort, infertile cohort, and the general cohort (not specified)],
ethnicity and study area (from developed or developing area)
to evaluate the effects of potential confounding factors on
the primary results. Statistical analyses were performed using

Review Manager 5.3 (RevMan, The Nordic Cochrane Center,
The Cochrane Collaboration), and Egger’s test was realized with
software STATA version 12.0 (StataCorp LP, College Station). P
< 0.05 was considered statistically significant.

RESULTS

Characteristics of Included Studies
The search strategy identified 5,272 records: 702 from PubMed,
4,554 from Embase, and 16 from other sources (Figure 1).
After eliminating duplicated and irrelevant records, 10 recodes
(11 studies) were included in the meta-analysis, with a total
of 1,731 MetS cases and 11,740 controls (Table 1) (17–26).
The research by Ehala-Aleksejev and Punab (19) was based
on two cohorts (fertile men and male partners of infertile
couples), and thus it was divided into two individual studies.
All studies were cross-sectional designed. Four studies focused
on infertile cohorts, two on fertile cohorts and five on the
general cohort (not specified). Six studies were from Europe,
three from Africa and two from Asia. In quality assessment (NOS
score 0∼9), the included studies had an average score of 6.73
(Table S1).

MetS and Semen Quality
Compared with the controls, MetS cases had a statistically
significant decrease of sperm total count (SMD: −0.96, 95% CI:
−1.58 to −0.31; I2 = 97%, n = 5), sperm concentration (SMD:
−1.13, 95% CI:−1.85 to−0.41; I2 = 99%, n= 11), sperm normal
morphology (SMD: −0.61, 95% CI: −1.01 to −0.21; I2 = 97%, n
= 9), sperm progressive motility (SMD:−0.58, 95% CI:−1.00 to
−0.17; I2 = 94%, n = 9), and sperm vitality (SMD: −0.83, 95%
CI: −1.11 to −0.54; I2 = 0%, n = 3) (Figures 2–4). There was
found a weak decrease of semen volume (SMD: −0.46, 95% CI:
−2.30 to 1.37; I2 = 100%, n = 10) and sperm total motility in
MetS cases (SMD: −0.68, 95% CI: −1.39 to 0.02; I2 = 99%, n =
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FIGURE 2 | Meta-analysis of the effects of metabolic syndrome on semen volume, sperm total count, and sperm concentration.

6). Furthermore, MetS cases had a statistically significant increase
of sperm DNA fragmentation (SMD: 0.76, 95% CI: 0.45 to 1.06;
I2 = 0%, n= 3) and MMP (SMD: 0.89, 95% CI: 0.49 to 1.28; I2 =
0%, n= 2).

MetS and Circulating Sex Hormones
Compared with the controls, MetS cases had a statistically
significant decrease of follicle-stimulating hormone (FSH) (SMD:
−0.87, 95% CI: −1.53 to −0.21; I2 = 97%, n = 6), testosterone
(SMD: −5.61, 95% CI: −10.90 to −0.31; I2 = 100%, n = 6), and
inhibin B (SMD: −2.42, 95% CI: −4.52 to −0.32; I2 = 0%, n =

3) (Figures 5, 6). There was found a weak decrease of luteinizing
hormone (LH) (SMD: −0.36, 95% CI: −3.24 to 2.52; I2 = 100%,
n = 5) and anti-Müllerian hormone (AMH) (SMD: −0.92, 95%
CI: −2.06 to 0.22; I2 = 95%, n = 2), and a weak increase of
estradiol (SMD: 1.04, 95% CI:−2.05 to 4.12; I2 = 100%, n= 4) in
MetS cases.

Sensitivity Analyses
Sensitivity analysis showed that the results were robust in semen
parameters. In the meta-analysis of circulating FSH, the result
showed no statistical difference when omitting the study by Saikia
et al. (17) (Table S2). In the meta-analysis of testosterone, the
result also showed no statistical difference when omitting the
study by Ehala-Aleksejev and Punab (19) (FM), Lotti et al. (26),
or Ventimiglia et al. (21).

Subgroup Analyses
Subgroup analyses were conducted on the study cohort, ethnicity
and study area. Compared with the infertile cohort, MetS
cases in the fertile cohort had a significantly higher incidence
of a decrease in sperm total count and sperm progressive
motility, FSH, testosterone and estradiol, and an increase in LH
(Table 2). Comparably, MetS cases in the general cohort also
had a significantly higher incidence of the decrease in semen
volume, sperm total count, sperm concentration, sperm normal
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FIGURE 3 | Meta-analysis of the effects of metabolic syndrome on sperm normal morphology, sperm total motility, and sperm progressive motility.

morphology, sperm progressive motility, FSH, testosterone, and
inhibin B. Generally, MetS had the most impact on semen
quality and circulating sex hormones of the general cohort,
moderate impact on fertile cohort, and the least impact on the
infertile cohort.

Compared with the Caucasian cohort or the cohort from
developed area, MetS cases from the non-Caucasian cohort or the
cohort from developing area had a significantly higher incidence
of the decrease in sperm concentration, sperm total motility,
sperm progressive motility, FSH, and inhibin B (Table 3). MetS
tended to have more impact on the individuals from the non-
Caucasian cohort or the cohort from developing area.

Publication Bias
Egger’s test was conducted on the indicators with more than four
included studies. Finally, we detected no significant publication
bias in semen volume (P= 0.122), sperm total count (P= 0.200),
sperm concentration (P = 0.185), sperm normal morphology (P
= 0.400), sperm total motility (P = 0.659), sperm progressive

motility (P = 0.120), circulating FSH (P = 0.199), testosterone
(P= 0.215), or LH (P= 0.293) (Figures S1–S3).

DISCUSSION

According to the World Health Organization (WHO), infertility
had an incidence of 8∼12% in childbearing couples worldwide,
among which male infertility accounted for 40∼50% (27). Along
with the modernized lifestyles of recent decades, metabolic
disorders were increasingly prevalent, while semen quality was
gradually decreasing (28). Thus, as a collection of metabolic
disorders characterized by abdominal obesity, dyslipidemia,
hypertension and insulin resistance, MetS was thought to be
involved in the pathogenesis of male infertility (28).

The mechanism has been not clarified, and currently many
researchers indicate a central role of insulin resistance in
the pathogenesis. Abnormal blood glucose could cause the
impairment of multiple organs, including erectile and ejaculation
disorders. In the meta-analysis by Pergialiotis et al. (29) the
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FIGURE 4 | Meta-analysis of the effects of metabolic syndrome on sperm vitality, DNA fragmentation, and mitochondrial membrane potential (MMP).

FIGURE 5 | Meta-analysis of the effects of metabolic syndrome on circulating follicle-stimulating hormone (FSH), testosterone, and luteinizing hormone (LH).
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FIGURE 6 | Meta-analysis of the effects of metabolic syndrome on estradiol, inhibin B, and anti-Müllerian hormone (AMH).

TABLE 2 | Subgroup analysis of the effects of metabolic syndrome on semen quality and circulating sex hormones according to the study cohort.

Variables Fertile cohort Infertile cohort Not specified

SMD (95% CI) No. SMD (95% CI) No. SMD (95% CI) No.

Semen volume 1.55 (−0.88 to 3.97) 2 −1.57 (−4.81 to 1.68) 4 −0.38 (−0.63 to −0.13) 4

Sperm total count −2.69 (−3.15 to −2.23) 1 −0.16 (−0.37 to 0.04) 2 −0.96 (−1.42 to −0.50) 2

Sperm concentration −2.27 (−6.45 to 1.92) 2 0.27 (−0.83 to 1.38) 4 −1.99 (−3.23 to −0.75) 5

Sperm normal morphology −2.11 (−5.89 to 1.68) 2 −0.32 (−0.81 to 0.17) 4 −0.11 (−0.17 to −0.04) 3

Sperm total motility 0.30 (−0.09 to 0.69) 1 −1.36 (−1.46 to −1.25) 1 −0.75 (−1.47 to −0.02) 4

Sperm progressive motility −0.45 (−0.89 to −0.01) 1 −0.05 (−0.37 to 0.28) 3 −1.18 (−2.26 to −0.11) 5

Sperm vitality −0.71 (−1.15 to −0.26) 1 – – −0.91 (−1.28 to −0.54) 2

DNA fragmentation 0.74 (0.29 to 1.19) 1 – – 0.77 (0.35 to 1.19) 2

Mitochondrial membrane potential (MMP) – – – – 0.89 (0.49 to 1.28) 2

Follicle-stimulating hormone (FSH) −0.81 (−1.21 to −0.42) 1 0.08 (−0.04 to 0.21) 4 −13.87 (−16.12 to −11.62) 1

Testosterone −7.01 (−7.76 to −6.27) 1 −6.27 (−13.71 to 1.18) 4 −1.57 (−2.09 to −1.05) 1

Luteinizing hormone (LH) 2.99 (2.52 to 3.46) 1 −1.19 (−4.24 to 1.86) 4 – –

estradiol −0.67 (−1.06 to −0.28) 1 1.60 (−2.07 to 5.28) 3 – –

Prolactin – – 0.04 (−0.11 to 0.20) 3 – –

Inhibin B – – −0.59 (−1.28 to 0.10) 2 −6.31 (−7.41 to −5.21) 1

Anti-Müllerian hormone (AMH) – – −0.92 (−2.06 to 0.22) 2 – –

SMD, standardized mean differences; CI, confidence interval; No., number of included studies.
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TABLE 3 | Subgroup analysis of the effects of metabolic syndrome on semen quality and circulating sex hormones according to the ethnicity and study area.

Variables Caucasian cohort/developed area Non-Caucasian cohort/developing area

SMD (95% CI) No. SMD (95% CI) No.

Semen volume −0.60 (−3.28 to 2.09) 6 −0.25 (−0.69 to 0.18) 4

Sperm total count −0.95 (−1.79 to −0.11) 3 −0.96 (−1.42 to −0.50) 2

Sperm concentration −0.56 (−1.82 to 0.70) 6 −1.94 (−3.10 to −0.78) 5

Sperm normal morphology −0.93 (−1.66 to −0.19) 6 −0.10 (−0.17 to −0.04) 3

Sperm total motility −0.54 (−2.16 to 1.08) 2 −0.75 (−1.47 to −0.02) 4

Sperm progressive motility 0.02 (−0.25 to 0.28) 4 −1.32 (−2.34 to −0.30) 5

Sperm vitality – – −0.83 (−1.11 to −0.54) 3

DNA fragmentation – – 0.76 (0.45 to 1.06) 3

Mitochondrial membrane potential (MMP) – – 0.89 (0.49 to 1.28) 2

Follicle-stimulating hormone (FSH) −0.03 (−0.29 to 0.23) 5 −13.87 (−16.12 to −11.62) 1

Testosterone −5.61 (−10.90 to −0.31) 5 −6.41 (−12.81 to −0.02) 1

Luteinizing hormone (LH) −0.36 (−3.24 to 2.52) 5 – –

estradiol 1.04 (−2.05 to 4.12) 4 – –

Prolactin 0.04 (−0.11 to 0.20) 3 – –

Inhibin B −0.59 (−1.28 to 0.10) 2 −6.31 (−7.41 to −5.21) 1

Anti-Müllerian hormone (AMH) −0.92 (−2.06 to 0.22) 2 – –

SMD, standardized mean differences; CI, confidence interval; No., number of included studies.

infertile male with diabetes had a decrease in seminal volume
and motile cells and an increase in FSH. Moreover, diabetes
patients in fertile age had a higher prevalence of male accessory
gland inflammations/infections, as well as a higher failure rate
of vitro fertilization (30, 31). Antidiabetic agents could not only
control blood glucose levels but also improve semen quality and
testosterone levels (32, 33). Besides, individuals with obesity,
dyslipidemia or hypertension were also reported with a decrease
in semen quality and changes in sex hormones. These might
contribute to concomitant oxidative stress and inflammation,
and impaired seminal antioxidant capacity (34, 35).

In this meta-analysis, we found a decrease of sperm total
count, sperm concentration, sperm normal morphology, sperm
progressive motility, and sperm vitality and an increase of sperm
DNA fragmentation and MMP, while no significant difference
was found in semen volume and sperm total motility. Generally,
MetS had a negative impact on the semen quality, just like
diabetes and obesity (10, 36). On the other hand, MetS cases
had a decrease of FSH, testosterone and inhibin B, while no
significant difference was found in LH, estradiol, prolactin, and
AMH. Previous studies reported a decrease of inhibin B and
an increase of FSH in infertile males (37). However, our meta-
analysis indicated a similar change trend of FSH and inhibin
B in MetS. This might contribute to the heterogeneity between
studies, especially from the study by Saikia et al. (17). Second,
LH and estradiol were usually increased in infertile males,
but our meta-analysis found no obvious difference in MetS.
Apart from the heterogeneity, this might also contribute to the
complexity of MetS as a syndrome. For example, as one of
the characteristics of MetS, obese males could have an increase
of testosterone, LH and FSH after bariatric surgery (38). In
general, MetS had a greater impact on semen quality than sex

hormones, which might contribute to the direct impairment
caused by MetS.

Sensitivity analysis indicated a relative stability for semen
parameters, while FSH and testosterone turned statistically
insignificant when omitting certain studies. MetS seemed to
have more significant and stable effects on semen quality than
sex hormones, which was consistent with our previous analysis.
Second, for almost all the outcomes, the exclusion of a single
specific study dramatically decreased the effect size, especially like
Ehala-Aleksejev and Punab (19) (FM) in sperm concentration,
sperm normal morphology and testosterone, Saikia et al. (17)
in sperm progressive motility and FSH, and Lotti et al. (26)
in testosterone. These studies were limited in the sample size
of MetS cases ranging from 27 to 50. Small sample size could
increase the risk of sampling error, and thus lead to within-study
and between-study heterogeneity and the expansion of synthetic
effect size. Besides, the meta-analysis of continuous data usually
showed a higher heterogeneity than categorical data, just like
the recent study of “Cardio-metabolic risk factors among young
infertile women: a systematic review and meta-analysis” (35).

The subgroup analyses suggested more effects of MetS on the
individuals from the fertile cohort, non-Caucasian cohort, or the
cohort from developing area. Thismight contribute to less impact
of MetS on the impaired reproductivity, and MetS had a stronger
influence on the reproductivity of healthy individuals. Moreover,
this was also consistent with the high incidence of male infertility
in the Asian cohort and developing countries (27).

Although this was the first meta-analysis to evaluate the effects
of MetS on both semen quality and circulating sex hormones in
men, several limitations in this study should be also considered.
First, not all included studies had a large sample size. Second, all
included studies were cross-sectionally designed, and prospective
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studies were needed to confirm our findings. Third, the protocol
of our meta-analysis was not registered in the PROSPERO
database. Fourth, obvious heterogeneity between studies was
observed, although we conducted both sensitivity analysis and
subgroup analysis to evaluate the stability of the results. We
expected large-scale prospective designed studies in the future to
overcome these limitations.

In conclusion, this meta-analysis demonstrated the effects
of MetS on almost all the semen parameters and part of the
circulating sex hormones, and MetS tended to be a risk factor for
male infertility. Further larger-scale prospective designed studies
were needed to confirm our findings.
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Despite the high prevalence of male infertility, very little is known about its etiology.

In recent years however, advances in gene sequencing technology have enabled us

to identify a large number of rare single point mutations responsible for impeding all

aspects of male reproduction from its embryonic origins, through the endocrine regulation

of spermatogenesis to germ cell differentiation and sperm function. Such monogenic

mutations aside, the most common genetic causes of male infertility are aneuploidies

such as Klinefelter syndrome and Y-chromosome mutations which together account

for around 20–25% of all cases of non-obstructive azoospermia. Oxidative stress has

also emerged as a major cause of male fertility with at least 40% of patients exhibiting

some evidence of redox attack, resulting in high levels of lipid peroxidation and oxidative

DNA damage in the form of 8-hydroxy-2’-deoxyguanosine (8OHdG). The latter is highly

mutagenic and may contribute to de novo mutations in our species, 75% of which

are known to occur in the male germ line. An examination of 8OHdG lesions in the

human sperm genome has revealed ∼9,000 genomic regions vulnerable to oxidative

attack in spermatozoa. While these oxidized bases are generally spread widely across

the genome, a particular region on chromosome 15 appears to be a hot spot for oxidative

attack. This locus maps to a genetic location which has linkages to male infertility, cancer,

imprinting disorders and a variety of behavioral conditions (autism, bipolar disease,

spontaneous schizophrenia) which have been linked to the age of the father at the

moment of conception. We present a hypothesis whereby a number of environmental,

lifestyle and clinical factors conspire to induce oxidative DNA damage in the male germ

line which then triggers the formation de novomutations which can have a major impact

on the health of the offspring including their subsequent fertility.

Keywords: male infertility, mutation, oxidative stress, spermatozoa, DNA damage

INTRODUCTION

Spermatogenesis is an immensely complicated process involving the coordinated action of
thousands of genes in order to generate one of the most complex, specialized cell types in human
biology, the spermatozoon. Given this complexity, it may not be surprising that “the male factor”
is held to be a major contributor to human infertility, although, the extent of this contribution
is still a matter for conjecture. A recent survey of papers that have set out to determine the
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causes of human infertility by assigning each case to one of
four categories (male factor, female factor, both male and female
factors, and unexplained) indicated that defects in the male
were, on average (±SEM), thought to account for 21.1 ±

2.8% of all infertility, while the remaining causes distributed
as follows: female factors (42.8 ± 3.2%), combined male and
female factors (24.2 ± 4.9%) and unexplained infertility (13.2 ±

2.1%) (1). Examination of individual studies reveals a wide range
of estimates for the incidence of male infertility (5–35%) that
may reflect real differences between populations in terms of the
quality of primary health care, occupational and environmental
exposures to reproductive toxicants, age, dietary factors, obesity,
climate, education, recreational exposure to drugs and genetic as
well as epigenetic factors (1).

The major problem with all of these assessments is that the
existence of male factor infertility was determined on the basis of
a conventional semen profile. While the latter is acknowledged
as a fundamental component of diagnostic andrology, with
few exceptions, it is also widely understood that the criteria
used to create such semen profiles (sperm count, motility and
morphology) are not precisely predictive of infertility. In a
prospective study of patients exhibiting unexplained infertility
(normal female partner and normal conventional semen profile),
these criteria were found be incapable of predicting the chances
of spontaneous conception during a follow-up period lasting up
to 4 years during which the patients received no further treatment
(2). Similarly, in assisted conception cycles, including both in
vitro fertilization (IVF) and intracytoplasmic sperm injection
(ICSI) the conventional semen profile has been found to be of
no value in predicting fertilization rates (3). However, when
elements of the semen profile are combined with other data
describing, for example, competence for sperm-oocyte fusion,
the detailed movement characteristics of the spermatozoa and
aspects of oxidative stress, then algorithms can be generated
that better predict the relative fertility of males in vitro and in
vivo (2, 4, 5). The exception to this rule is when the semen
profile is seriously flawed, as is the case with azoospermia or
severe oligozoospermia (<5 million/ml) where fertility rates are
significantly reduced as might be anticipated (6). At the same
time, it should be recognized normal fertility is possible in
men whose sperm counts have been suppressed well into the
oligospermic range (<5 million per ml) as a result of exogenous
steroid administration (7).

We can conclude from such studies that the traditional
approach to male infertility diagnosis, which relies on comparing
each element of the semen profile with thresholds of normality
established by the World Health Organization, is seriously
flawed, nomatter how carefully those thresholds were established
(8). For the most part, male fertility is not a question of
possessing more than a certain critical number of motile,
morphologically normal spermatozoa in the ejaculate. It is not
a binary phenomenon that allows us to classify patients as
“fertile” or “infertile” groups. With the exception of patients
exhibiting azoospermia or certain genetic defects such as
Kartagener syndrome, most males are on a continuum of
relative fertility. Where any given patient lies on this continuum
cannot be reliably ascertained by conventional semenology. The

diagnostic value of the conventional semen profile lies only in
its ability to reflect the quality of the underlying spermatogenic
process. Although there may be general low-level statistical
correlations between morphology or total sperm number and
fertility, the ranges for each of these criteria are so broad
that their prognostic significance is very limited (9)–and they
tell us nothing about etiology (Figure 1A). Terms such as
asthenozoospermia, oligozoospermia, and teratozoospermia are
convenient, descriptive terms. However, they are not diagnoses
in the true sense of the word. As a consequence, we have
greatly overestimated our understanding of the causes of human
infertility and, in reality, have very limited insight into the overall
contribution made by the “male factor.” Much of male infertility
is, in fact, idiopathic.

Fortunately, this bleak landscape is gradually changing as we
acquire more knowledge of the mechanisms regulating sperm
production and function. For example, the impact of genetics and
epigenetics on male fertility has been revealed in recent years,
largely as a consequence of technical advances in our ability to
screen the genome for differences in DNA methylation profile
and single nucleotide polymorphisms/mutations. Similarly,
many studies describe oxidative stress as another significant
cause of male infertility that influences the functionality of
spermatozoa and the integrity of their DNA. In this review, we
shall consider the progress that has been made in establishing
the relative contributions of genetics and oxidative stress to the
etiology of previously unexplained male infertility. We shall also
tentatively present a unifying hypothesis suggesting that these
two contributors to the pathophysiology of male reproduction
may well be causally linked.

GENETIC CAUSES OF MALE INFERTILITY

Mutations Affecting Sperm Structure and
Function
Mutations and epimutations in the male germ line can affect
the functional competence of spermatozoa and/or their primary
production. Examples of mutations that influence sperm quality
include conditions that affect the morphological appearance
of spermatozoa and their competence for fertilization. A
classic example of such a condition is globozoospermia.
Patients exhibiting globozoospermia produce spermatozoa
with spherical-shaped heads, no acrosome and a disorganized
midpiece characterized by excess amounts of residual cytoplasm
(Figure 1B). Interestingly, globozoospermic spermatozoa
possess normal flagella that are capable of progressive
motility and, under the appropriate conditions, can exhibit
hyperactivation. However, these cells are incapable of binding
to the zona pellucida and achieving sperm-oocyte fusion, even
after treatment with the calcium ionophore, A23187 (10). These
functional defects can be circumvented through the application
of ICSI, although, even with this technique, fertilization rates
are low. One of the reasons for the lack of fertilization is that
globozoospermic spermatozoa are deficient in phospholipase
C zeta (PLCζ), the calcium oscillogen that orchestrates oocyte
activation at fertilization. Artificial oocyte activation in concert
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FIGURE 1 | Determinants of human sperm quality. (A) Micrograph of a typical human sperm population. Note the significant inter-cell variation in morphological

appearance of the sperm head, midpiece and tail. Morphological assessments are generally couched in terms of percentage normal cells, however defining the

precise attributes of “normal” in this context is difficult. Scale bar = 10µm. (B) A clearly abnormal condition is “globozoospermia” characterized by round headed,

acrosome-less cells that are incapable of fertilization even though their motility is normal (10). Scale bar = 10µm. (C) In contrast, Kartgener syndrome is a

genetically-determined condition associated with major defects in the axoneme and complete immotility. Left panel cross section through a normal sperm tail

highlighting the dynein arms (arrowed); right panel shows a section through the axoneme of a Kartagener syndrome patient, showing the complete absence of dynein

arms (11). Scale bar = 200 nm (D) Human karyotype with the Y-chromosome, framed. (E) Major mechanisms by which DNA fragmentation on the Y is induced is

through the aberrant recombination of repetitive elements (green) and deletion of the intervening DNA (blue).
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with ICSI can enhance fertilization rates with globozoospermic
spermatozoa, but even with this intervention success rates are
still significantly lower than control levels (12). One possible
explanation for the poor fertilization rates observed with such
spermatozoa is that they apparently exhibit high levels of DNA
fragmentation in association with poor chromatin packaging
and protamine deficiency (13). A related syndrome is “partial
globozoospermia” where>50% of cells exhibit the round-headed
acrosomeless morphology (14). Although the genetic basis of
this partial condition remains uncertain at the present time, the
presence of apparently normal cells in the ejaculate means that it
can be very effectively treated with ICSI (15).

The causes of globozoospermia are genetic and, as far as we
are currently aware, involve mutations in three genes, SPATA16
(spermatogenesis associated 16), PICK1 (protein interacting with
PRKCA 1) and DPY19L2 (DPY-19 like 2) with the latter being
dominant (16). Homozygous deletions in DPY19L2 are caused
by non-allelic homologous recombination between flanking LCR
(low copy repeat) sequences in around 70% of cases (17).
Like most genetic conditions responsible for male infertility
these causative mutations are rare (<1%). The major DPY19L2
deletion is thought to have stabilized at a low level within the
population because the de novo production of mutant alleles
balances the negative selection incurred by sterile homozygous
males (18).

A second sperm defect with a recognized genetic cause is
macrozoospermia, characterized by the presence of a very high
percentage of spermatozoa with enlarged heads and multiple
flagella. A majority of such cells are diploid and the etiology
involves mutations in the AURKC (aurora kinase C) gene
(16). The incidence of these mutations varies from population
to population but a recent analysis of North African males
suggested that AURKC mutations were the most common,
comprising 2.7% of the infertile male population compared
with 1.2% exhibiting DPY19L2-dependent globozoospermia and
anticipated rates of 1.6% exhibiting Klinefelter syndrome and
0.23% with Y-chromosome deletion (19). Macrozoospermia is
observed in patients who are homozygous recessive for AURKC
mutations. Two mutations in AURKC have been described: A
p.Y248∗ non-sense mutation which arose 925–1,325 years ago
and the c.144delC homozygous frameshift mutation, dated as
having occurred 250–650 years ago. In order to account for the
retention of these mutations in the population over so many
generations, it has been suggested that the heterozygote must
have some selective reproductive advantage possibly related to
sperm production (20); however, there is no evidence to support
this suggestion at present.

Sperm head morphology is also radically altered in a
condition known as acephalic spermatozoa. Mutations in several
different genes are known to generate this phenotype. Thus,
polyaminemodulated factor 1 binding protein 1 (PMFBP1), testis
specific 10 (TSGA10), Sad1 and UNC84 domain containing 5
(SUN5), bromodomain testis associated (BRDT) and centrosomal
protein 112 (CEP112) have all recently been implicated in
the etiology of this condition (21–23). The reason why so
many different mutations appear to be involved in the creation
of acephalic spermatozoa is a reflection of the inordinate

complexity of the head-tail coupling apparatus in these cells
(24). Mutations in SUN5 account for about half of all cases
of acephalic spermatozoa in human patients. In some ways
this is fortunate, because patients with SUN5 mutations can
be successfully treated using ICSI (25), reflecting the very
specific role this protein plays in anchoring the sperm head
to the tail (26). However, other mutations associated with
the acephalic syndrome such as TSGA10 and CEP112 are not
readily treatable with assisted conception therapy because the
damage is centered on the sperm centriole and, in humans,
the paternal centrioles are responsible for orchestrating cell
division in the embryo. In the absence of functional centrioles
in the spermatozoa, fertilization may be achievable with
ICSI but any embryo created will exhibit arrested embryonic
development (22).

Just as the complexity of sperm head attachment means
that the acephalic condition is potentially associated with
mutations in any one of a number of key genes, exactly
that same is true of defects in the flagellum in the etiology
of asthenozoospermia. We have known about defects in the
axoneme in the pathological suppression of sperm motility since
the pioneering work of Afzelius (27, 28) recorded defects in
several components of the axoneme of men exhibiting either a
complete lack of sperm motility or severe asthenozoospermia.
These diseases are grouped under the heading of primary ciliary
dyskinesias (PCDs) because they affect all ciliary structures
in the body, not just the sperm flagella. A classic example
of this condition is Kartegener syndrome (Figure 1C), which
is associated with a complete lack of sperm motility due
to the absence of dynein arms, in association with chronic
sinusitis, bronchiectasis and, in 50% of cases, situs inversus
caused by an inability of the embryonic cilia to shift the
heart to the left hand side. The condition is inherited in an
autosomal recessive manner as a result of biallelic homozygous
or compound heterozygous mutations in several candidate genes
including coiled-coil domain containing 40 (CCDC40), dynein
axonemal heavy chain 1, 5, and 11 (DNAH1, DNAH5, DNAH7
DNAH11) dynein axonemal intermediate chain 1 (DNAI1),
leucine rich repeat containing 6 (LRRC6), Zinc finger MYND-
type containing 10 (ZMYND10) armadillo repeat containing
4 (ARMC4) and tetratricopeptide repeat domain 12 (TTC12)
(29–33). Overall, more than 40 genes have been implicated
in this heterogenous disease to date and the list of genes
involved is expanding rapidly in concert with improvements
in our understanding of ciliary structure and function. In
theory, any gene involved in the assembly, structure and
function of ciliary/flagellar structures could contribute to the
male infertility associated with PCD. The condition is rare
(prevalence 1:10,000 to 1:40,000 births) and the ultrastructural
phenotypes are variable involving no outer and inner dynein
arms (DAs), outer DAs alone, inner DAs with microtubular
disorganization or defects yielding an abnormal central complex.
Because of this heterogeneity, not all patients exhibiting PCD
are infertile. Importantly apart from the loss of motility,
spermatozoa obtained from Kartagener syndrome have been
shown to be functionally normal in that they will engage in the
process of capacitation, will acrosome react and, if physically

Frontiers in Endocrinology | www.frontiersin.org 4 September 2020 | Volume 11 | Article 58183834

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Aitken and Baker Causes of Male Infertility

manipulated to lie close to the plasma membrane of the oocyte
will achieve sperm-oocyte fusion (11). So, even if motility
loss is total, conceptions can still be achieved using either
sub-zonal insemination (SUZI) techniques that place immotile,
but acrosome reacted, spermatozoa adjacent to the vitelline
membrane of the oocyte or ICSI (34). Outside of such assisted
conception procedures, spontaneous pregnancies are possible
with PCD patients providing the loss of motility is partial;
however, spontaneous fertility is unlikely with mutations in
certain genes including CCDC39, CCDC40, dynein axonemal
assembly factor 1 (DNAAF1) and LRRC6 (35).

In addition to PCD, where multiple ciliopathies are observed
in different organ systems, male infertility is also associated with
sperm motility defects involving genes that specifically impact
the development of the sperm tail, its detailed architecture and
its physiological regulation. These mutations generate isolated
male infertility associated with severe asthenozoospermia in the
absence of any other pathology and are known collectively as
Multiple Morphological Abnormalities of the sperm Flagella
(MMAF). The list of mutations responsible for MMAF is
expanding rapidly but currently includes mutations in adenylate
kinase 7 (AK7) (36), glutamine rich 2 (QRICH2) (37), cilia and
flagella associated proteins (CFAP43, CFAP44, CFAP65, CFAP69,
CFAP70, CFAP91, CFAP251) (38–44) WD repeat domain 19
(WDR19) (45), DAZ interacting zinc finger protein (DZIP1) (46),
DNAH1 (also implicated in PCD) (47) DNAH2 (48), DNAH6
(49), DNAH17 (50), TTC29 (51), TTC21A (52), armadillo repeat
containing 2 (ARMC2) (53) CEP135 (centrosomal protein 135)
(54). fibrous sheath interacting protein 2 (FSIP2) (55), ADP
ribosylation factor like GTPase 2 binding protein (ARL2BP) (56),
sperm flagellar 2 (SPEF2) (57), and DnaJ heat shock protein
family (Hsp40) member B13 (DNAJB13) (58).

Of course, motility is not the only attribute of sperm function
susceptible to interference by genetic and epigenetic mutations.
For example, we know that genetic defects in sperm PLCζ, which
activates the generation of calcium transients in the fertilized
oocyte, impair human oocyte activation and fertilization (59).
Fertilization failure has also been associated with mutations in
CATPSERE (CatSper-epsilon), a component of the sperm calcium
channel (60) as well as polymorphisms in the mitochondrial
genes MT-ATP6 and MT-CYB (61).

It must be evident from the information presented above
that there are a great number of mutations potentially capable
of suppressing the fertilizing potential of human spermatozoa.
This may not be surprising given the biochemical sophistication
underpinning such complex sperm functions as sperm motility
(which accommodates a variety of sophisticated behaviors
including rheotaxis, chemotaxis and thermotaxis as well as
the switch to hyperactivation), sperm transport to the site
of fertilization, the ability of a capacitated spermatozoon to
recognize just one other cell type in the body (the egg), the
induction of acrosomal exocytosis, sperm-oocyte fusion and
oocyte activation.Moreover, these are just themutations affecting
the structure and function of spermatozoa, there are a great
many more mutations influencing the primary production of
spermatozoa at a testicular level.

Mutations Affecting the Testes and
Excurrent Ducts
Obstructive azoospermia is present in around 30% of
azoospermia cases and is often due to occlusion of the
excurrent duct system subsequent to infection, trauma or
surgery. The major genetic cause involves CFTR (Cystic fibrosis
transmembrane conductance regulator) mutations that are
known to induce abnormal formation or bilateral absence of the
vas deferens (62). The remaining 70% of azoospermia cases are
non-obstructive and relate to primary failure of spermatogenesis.
Primary testicular failure may be observed with different forms
of testicular cancer, the genetic origins of which are as complex
as their histopathology, including germ cell tumors (seminoma,
embryonal carcinoma, yolk sac tumor, and teratoma) and, in
older men, testicular lymphomas (63, 64). Gains of chromosome
arm 12p and aneuploidy are nearly universal in germ cell tumors
(65) while primary testicular lymphomas involve near-uniform
loss of CDKN2A (cyclin dependent kinase inhibitor 2A) with
rare TP53 (tumor protein p53) mutations as well as 9p24.1/PD-
L1/PD-L2 copy number alterations and additional translocations
of these loci (66).

Cancer aside, an increasing list of monogenic gene mutations
are being associated with non-obstructive azoospermia. Just as
we saw with mutations affecting sperm structure and function,
gene mutations leading to primary testicular failure are many,
varied and infrequent, reflecting the underlying complexity of
the spermatogenic process and the inability of any particular
mutation to become anything other than rare, given: (1) the
negative selection pressure associated with male infertility, (2)
the fact that many of these mutations also cause infertility
in women and so cannot find refuge in the female germ
line (67), and (3) the absence of any particular reproductive
advantage in the heterozygous form. These mutations are
generally autosomal recessive and inherited from fertile parents
in homozygous, compound heterozygous or hemizygous form.
However, autosomal dominant monogenic mutations can also
precipitate a state of infertility including SYCP3 (Synaptonemal
complex protein 3), NR5A1 (nuclear receptor subfamily 5 group
A member 1) and the WT1 (Wilms’ tumor 1) gene (68). A
recent detailed analysis of the genetic causes of non-obstructive
azoospermia (NOA) concluded that the largest single category
of monogenic defects detected in NOA patients comprises
genes involved in different stages of spermatogenesis, mostly
functioning in the prophase of the first meiotic division as well
as transcriptional and endocrine regulators of reproduction (67).

Of course, not all mutations causing non-obstructive
azoospermia are expressed in the testes. There are several genes
involved in the etiology of hypogonadotrophic hypogonadism
that are key components of the hypothalamic-pituitary-gonadal
axis involved in the endocrine regulation of spermatogenesis. The
human GNRHR (gonadotropin-releasing hormone receptor)
gene is a case in point. This protein is a G-protein coupled
receptor expressed on the surface of pituitary gonadotrophs
that respond to pulsatile GnRH stimulation by promoting the
secretion of gonadotrophins FSH and LH. Several (at least 19)
mutations have been identified in this gene that often exert
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their pathological action as compound heterozygotes (68).
There are also mutations that interfere with the differentiation
of the male reproductive system including cytochrome b5
type A (CYB5A) which selectively disrupts 17,20-lyase activity
leading to disordered sexual development (69) and deletions
on chromosome 21 that also cause defects in male sexual
development (70). Mutations on the X chromosome are also
linked with male infertility including: anosmin 1 (ANOS1), a
gene linked to Kallmann syndrome (71), testis expressed 11
(TEX11), linked to meiotic arrest (72) and nuclear receptor
subfamily 0 group B member 1 (NR0B1) associated with
adrenal hyperplasia and hypogonadotropic hypogonadism (73).
Mutations in the X-linked androgen receptor gene are also
known to induce infertility in around 2% of male patients (74).

Overall, the foregoing summary reveals a bewildering array
of monogenic defects involved in male infertility exerting their
action at all stages of gonadal development and function, from
the initial morphogenesis of the male genital tract in the
fetus to the differentiation and maturation of fully functional
spermatozoa. However, interestingly, the most common genetic
causes of male infertility are not single gene mutations at all,
but aneuploidies of which Klinefelter syndrome (XXY) is the
most common, accounting for around 10% of patients with
non-obstructive azoospermia/severe oligozoospermia (75, 76).

In view of the strong negative selection pressure associated
with infertility, the maintenance of such an impressive range
of infertility-inducing chromosomal or genetic mutations in
the general population must involve the steady spontaneous
generation of de novo lesions affecting genes and chromosomes
involved in the spermatogenic process (77). The importance of
such de novo mutations in the etiology of male infertility is
beautifully illustrated by the presence of Y-chromosome deletions
in males exhibiting spontaneous severe oligozoospermia on non-
obstructive azoospermia.

THE Y CHROMOSOME

The Y chromosome is unusual because it lives in isolation
(Figure 1D). One detrimental consequence of such a solitary
existence is that the Y chromosome has limited options
when it comes to the repair of DNA damage. All other
chromosomes have a homologous chromosome, inherited from
the other parent, that can assist in the repair of damage DNA
via homologous recombination. The Y chromosome has no
homolog to recombine with and so it has reverted to an
intrachromosomal form of recombination in order to maintain
a modicum of stability. Typically, genes on the Y-chromosome
make multiple copies of themselves as a buffer against the chaos
that would be introduced by the accumulation of deleterious
spontaneous mutations, a lack of selection pressure, the presence
of unwanted genetic hitchhikers and genetic drift. Some of these
repetitive elements have become inverted to create palindromic
sequences that facilitate recombination events in an area of the
genome where inter-chromosomal recombination is otherwise
suppressed. As a consequence of this strategy, damage to key
genes on the Y-chromosome can be repaired by the affected
gene recombining with a palindromic copy of itself in a process

known as gene conversion. This capacity for intra-chromosomal
recombination has enabled the Y chromosome to stabilize after
an initial period of exponential decay such that no genes have
been lost since the divergence of humans and chimpanzees
between 6 and 7 million years ago while only one gene had been
lost since humans diverged from the rhesus macaque 25 million
years ago (78, 79).

Unfortunately, the presence of such palindromic sequences,
as well as repetitive retroviral elements on the human Y
chromosome, facilitates the creation of chromosome deletions
as a consequence of aberrant recombination events (Figure 1E).
Three common Yq deletions that recur in infertile males are
termed AZF (Azoospermia Factor) microdeletions–AZFa, AZFb
and AZFc. In addition, the combinations, AZFbc, AZFabc, and a
partial AZFc, called AZFc/gr/gr are also observed (80, 81). AZFa
and AZFb deletions usually result in complete azoospermia, with
no current potential for treatment. However, patients with AZFc
deletions are typically characterized by severe oligozoospermia,
with small numbers of spermatozoa recoverable from the
ejaculate or from testicular biopsy material. These cells are
sufficiently normal to permit treatment options involving ICSI.
Of course, an inevitable consequence of the Y-chromosome’s
genetic isolation, is that any son generated as a consequence
of ICSI will inherit his father’s microdeletion and, thus, his
infertility (80).

The prevalence of Y chromosome deletions and
microdeletions is estimated at 1:2,000 to 1:3,000 males while
the frequency of Yq microdeletions in males with azoospermia
is 15% and with severe oligozoospermia about 5% (82). Unlike
the monogenic gene mutations responsible for defective
sperm production or primary testicular failure reviewed
above, Y-chromosome mutations cannot be maintained in
the population as heterozygotes or via passage through the
female germ line. With very few exceptions, every new case
of Y-chromosome deletion has been spontaneously created in
the fertile father’s germ line. This tells us that DNA damage
and repair must be a major feature of male reproduction.
Indeed, a recent analysis has found that 75% of all de novo
mutations arise in the male germ line via mechanisms that
have little to do with replication error, as commonly supposed
(83). Rather, the high rate of mutations observed in the
male germ line, including common C-to-G transversions
and CpG transitions show genomic distributions and sex-
specific age dependencies indicative of double-strand break
repair and methylation-associated damage, respectively (83).
The Y-chromosome’s strategy of gene amplification and
intra-chromosomal recombination in order to stabilize has,
undeniably, been effective in slowing the rate of gene attrition on
this chromosome. However, the presence of so many repetitive
palindromic elements also creates a measure of vulnerability. If
DNA fragmentation rates are high, then there is the potential
for distant palindromic sequences to recombine, resulting in
deletion of the intervening genetic information. Such deletions
could either occur during spermatogenesis or, in principle, in the
oocyte as a result of aberrant DNA repair prior to the S-phase
that precedes the first cleavage division. Thus, Y-chromosome
deletions, like many mutations that arise in our species may
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be seen as a consequence of the high rates of DNA damage
and fragmentation that characterize the male germline. In
this context, there is a significant body of evidence indicating
that DNA fragmentation is a consistent feature of human
spermatozoa and that the induction of such damage is oxidative.

OXIDATIVE STRESS

The importance of oxidative stress in the etiology of defective
sperm function has been recognized since the pioneering studies
of ThaddeusMann and colleagues at the University of Cambridge
demonstrated that mammalian spermatozoa were vulnerable
to a lipid peroxidation process that attacks the unsaturated
fatty acids in these cells, destroying the plasma membrane and
compromising their functional competence (84). The induction
of such stress may involve the enhanced generation of reactive
oxygen species (ROS) by these cells and/or a deficiency in the
levels of antioxidant protection they are afforded (85–87). The net
impacts of oxidative stress include a loss of motility, a decrease in
the ability of the spermatozoa to undergo the acrosome reaction,
an impaired capacity to fuse with the vitelline membrane of the
oocyte—and DNA damage (85, 88–90).

Leukocyte Infiltration and ROS Generation
The sources of ROS that create this oxidative stress are complex
and may be due to either intrinsic or extrinsic factors. The major
extrinsic factor are leukocytes that enter the semen at themoment
of ejaculation from the secondary sexual glands. The major
leukocyte species in this context are neutrophils (Figure 2A)
that arrive in the seminal compartment in an activated, free
radical-generating state (Figure 2B). The presence of these cells
is thought to reflect an underlying reproductive tract infection
(92, 93), although other factors such as trauma, surgery, and
autoimmunity could also be involved. As long as leukocyte
numbers are relatively low (less than the leukocytospermic
threshold of 1 million/ml), the ROS generated by infiltrating
leukocytes have no effect on the functionality of the spermatozoa
because these cells are adequately protected by the powerful
antioxidants present in seminal plasma (94). However, if the
leukocyte numbers exceed this leukocytospermic threshold, or
are just below it, then a state of oxidative stress prevails, and
sperm function is compromised (95). Furthermore, if leukocytes
are still present in the washed sperm suspensions used in assisted
conception procedures then significant oxidative stress will again
be created due to the absence of significant antioxidant protection
in conventional IVF culture media. The existence of low-level
leukocyte contamination in washed human sperm suspensions
is a significant issue for IVF therapy because it negatively
impacts the fertilization rates subsequently observed (96, 97).
This problem can either be addressed through the incorporation
of antioxidants such as N-acetylcysteine or hypotaurine in the
culture medium (98) and/or through the selective removal of
contaminating leukocytes using magnetic particles coated with
a monoclonal antibody against the common leukocyte antigen
(Figure 2C) (91). Such treatments effectively reduce levels of
oxidative stress in the sperm suspensions and significantly
enhance the fertilization rates subsequently observed.

Spermatozoa and ROS Generation
Outside of leukocyte contamination, a majority of the ROS
that compromise sperm function are generated endogenously
via a variety of pathways, in response to a variety of stimuli.
It is important to point out that the levels of ROS generated
by spermatozoa are orders of magnitude lower than leukocytes
(99). This is the reason why flow cytometry is such a useful
technique for monitoring seminal ROS production because it
enables the separation of spermatozoa from other cell types
and simplifies interpretation of the data. By contrast, techniques
such as luminometry, always run the risk of generating data
that is heavily influenced by the presence of contaminating
leukocytes (100, 101). It should also be recognized that a vast
majority of the probes used with flow cytometry are redox
active agents that do not measure ROS directly but rather,
oxidative activity. Nevertheless, by using dihydroethidium as
a probe and separating out the reaction product specifically
generated by superoxide anion, 2-hydroxyethidium, it has been
possible to generate evidence of superoxide production by
mammalian spermatozoa (102, 103). Moreover, these data have
been confirmed with definitive techniques such as electron
paramagnetic resonance spectroscopy (104–106).

There has also been discussion as to which ROS is the more
important in the determination of sperm function, superoxide
(107) hydrogen peroxide (86, 108–110) nitric oxide (111) or
peroxynitrite (112). In reality, all these oxidants and free radical
species are so reactive that they are constantly interconverting
and contributing to the oxidative stress experienced by the
male gamete. It is doubtful whether any particular species
actually pre-dominates.

Sperm Mitochondria as a Source of ROS
One of the major sources of superoxide anion within
spermatozoa are the mitochondria (113). These organelles
generate ROS as a normal by-product of aerobic metabolism
due to the leakage of electrons from the mitochondrial electron
transport chain, which are then swept up by the universal electron
acceptor, oxygen, to generate superoxide anion. Mitochondrial
ROS are also produced as part of the intrinsic apoptotic
cascade that becomes activated whenever the phosphoinositide
signaling pathway is compromised (114). Under physiological
circumstances, a variety of pro-survival factors, including
as insulin, prolactin or angiotensin 1–7 (115, 116) stimulate
phosphorylation and activation of phosphoinositide-3 kinase
(PI3K). The latter in turn phosphorylates another kinase, AKT.
As long as AKT is phosphorylated, downstream targets of this
kinase such as the apoptosis regulator, BCL2-associated-agonist-
of-cell-death (BAD) are also phosphorylated. Phospho-BAD
forms a heterodimer with its 14-3-3 keeper protein, leaving Bcl-2
free to inhibit Bax-triggered apoptosis, thereby maintaining
spermatozoa a viable motile state (114). However, if PI3K
activity is disrupted, AKT and its downstream target, BAD,
become dephosphorylated allowing the latter to escape from
the grip of its 14-3-3 keeper to form a heterodimer with Bcl-2
and Bcl-xL, inactivating these regulators and thus allowing
Bax/Bak-triggered apoptosis. The intrinsic apoptotic cascade
is associated with rapid motility loss, mitochondrial ROS
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FIGURE 2 | Leukocyte contamination of human semen samples. (A) All human semen samples are contaminated with leukocytes, largely neutrophils, and

macrophages; sample stained with an antibody against the common leukocyte antigen, CD45. Sale bar = 10µm. (B) The spontaneous generation of reactive oxygen

species by human semen samples is highly correlated with the level of leukocyte contamination. (C) Treatment of washed human sperm suspensions with magnetic

beads coated in anti-DC45 removes a majority of the leukocytes, reduces the levels of oxidative stress as determined by luminol dependent chemiluminescence and

increases fertilization rate in the heterologous sperm-oocyte fusion assay (91). *P < 0.05; **P < 0.01.

generation, caspase activation in the cytosol, annexin V binding
to the cell surface, cytoplasmic vacuolization and oxidative
DNA damage (Figure 3) (114). So, any stress factor that will
induce an apoptotic response in human spermatozoa will trigger
mitochondrial ROS generation and a loss of sperm function.

Mitochondrial ROS generation and apoptosis may also be
important in the mechanisms underpinning sperm senescence.
All mammalian spermatozoa have a finite life span and after a few
days (depending on species) will become senescent in vivo and
in vitro, losing their vitality, motility, tyrosine phosphorylation
status and DNA integrity with the passage of time (117, 118).
Oxidative stress appears to be one component of the senescence
process judging from the fact that sperm motility and DNA
integrity can be significantly improved in vitro if oxygen tensions
are reduced and/or antioxidants are incorporated into the
medium (119–121). Furthermore, the generation of ROS on
prolonged incubation has been found to increase with time and

a majority of this ROS appears to be mitochondrial, possibly
reflecting the progressive entry of senescent cells into the intrinsic
apoptotic pathway (121, 122). Accordingly, antioxidants that
target mitochondrial ROS generation such as co-enzyme Q10
and pyrroloquinoline quinone as well as thiols such as N-
acetylcysteine and penicillamine have been found to extend
sperm motility in vitro (121, 123, 124). Similarly, treatments
that divert energy generation away from mitochondrial oxidative
phosphorylation and toward glycolysis, such as exposure to
rosiglitazone, decrease mitochondrial ROS generation, and allow
spermatozoa tomaintain high levels of motility in vitro for at least
6 days (125). However, there is still some conjecture as to how
many other factors are involved in sperm motility loss in vitro.
In a recent study of human spermatozoa incubated over a 5 day
period, the loss of virtually all motility was not accompanied by a
corresponding increase in 4-HNE levels byWestern blot (102). In
light of these data, we have to conclude that theremay bemultiple
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FIGURE 3 | Importance of PI3 kinase in the maintenance of sperm viability. As long as PI3 kinase is phosphorylated, its downstream target AKT1 is also

phosphorylated. Phosphorylated AKT1 in turn phosphorylates BAD which, in this state, remains bound to its 14-3-3 keeper protein. This system is driven by a series

of prosurvival factors such as prolactin, insulin and angiotensin 1–7 that act through their cognate receptors to maintain PI3 kinase in a phosphorylated state. If this

system is perturbed and PI3 kinase becomes dephosphorylated, then BAD reverts to its dephosphorylated state, releases 14-3-3 and moves to the mitochondria

where it forms heterodimers with Bcl-2 and Bcl-xL, inactivating these regulators and allowing Bax/Bak-triggered apoptosis. The induction of PI3 kinase

phosphorylation is therefore essential for sperm survival.

reasons why spermatozoa become senescent in vitro and we are
yet to resolve the full complexities of this process.

Mitochondrial ROS can also be triggered by a range of
amphiphilic compounds in human spermatozoa including cis-
unsaturated fatty acids; the polar nature of these compounds
favoring their corporation into mitochondrial membranes,
alteringmembrane fluidity and facilitating electron leakage (126).
Since the free unsaturated fatty acid content of defective human
sperm populations is positively correlated with the induction of
mitochondrial superoxide generation, we can conclude that the
pathophysiology of defective sperm function is at least partly
dependent on changes to the lipid composition of these cells

(127). Mitochondrial ROS can also be stimulated by toxicants
that can perturb the flow of electrons along the mitochondrial
electron transport chain. For example, the common preservative,
parabens (a mixture of parabenzoic esters), has been shown
to stimulate mitochondrial ROS in spermatozoa in a manner
which is correlated with alkyl chain length (128). Similarly,
the xenoestrogen bisphenol A stimulates mitochondrial ROS
generation by human sperm mitochondria (129) as do certain
polyphenols (epigallocatechin gallate, genistein, didox gossypol)
several of which are traditionally regarded as antioxidants (130).

The cryopreservation of spermatozoa is another situation in
which sperm function is compromised partly as a consequence
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of oxidative stress created by enhanced mitochondrial ROS
generation. Consequently, a large number of studies, conducted
in a range of different species, have examined the impact of
antioxidants on post-thaw functionality. Since antioxidants such
as L-carnitine and Mito Tempo have already proven effective in
this regard (131, 132), a systematic comparison of antioxidants
targeting the mitochondria is now warranted, to determine
the optimal formulation for protecting spermatozoa against
cryostorage injury.

Another extraneous factor which is thought to enhance
mitochondrial ROS generation in mammalian spermatozoa
is radiofrequency electromagnetic radiation (RFEMR) (133).
The concept that RFMR induces electron leakage from the
mitochondrial electron transport chain, and thus promotes
superoxide anion generation (134), is controversial but has
received support from numerous independent studies (135).
Mitochondrial ROS generation activated by RFEMR has, in turn,
been associated with the suppression of sperm motility, the
induction of apoptosis, the loss of local antioxidant protection
and the stimulation of sperm oxidative DNA damage both in vivo
and in vitro (136–140).

In vitro exposure to electromagnetic radiation in the form
of UVB light will also trigger mitochondrial ROS generation in
human spermatozoa (141) as will the in vitro exposure of these
cells to temperatures above 40◦C (134). Mild heat stress (35◦C)
has also been found to activate mitochondrial ROS generation in
vivo, with round spermatids being particularly vulnerable to this
form of stress (135).

Mitochondrial ROS generation can also be stimulated by
the electrophilic lipid aldehydes generated as an end-product
of lipid peroxidation. Not all lipid aldehydes are equivalent
in this respect, the differences generally correlating with
the second order rate constants describing their interaction
with the model nucleophile, glutathione. Acrolein and 4-
hydroxynonenal (4-HNE) are the most active, stimulating
mitochondrial ROS generation by binding to components of
the mitochondrial electron transport chain, particularly succinic
acid dehydrogenase (142, 143). The capacity of lipid aldehydes
generated as a result of oxidative stress to bind to components
of the mitochondrial electron transport chain and stimulate yet
more ROS generation means that once this process is initiated,
it becomes a self-perpetuating process unless a chain breaking
antioxidant intervenes.

NAD(P)H Oxidase
Another potential source of ROS generation in human
spermatozoa are NAD(P)H oxidases reminiscent of the enzyme
responsible for the oxidative burst in phagocytic leukocytes.
Several authors (144, 145) have suggested that spermatozoa
generate ROS via such enzymes based on the inhibitory action
of diphenylene iodonium (DPI). However, DPI is a generalized
flavoprotein inhibitor and so also suppresses ROS generation
by oxidoreductases in the mitochondrial electron transport
chain. This, and other factors, has, in some minds, cast doubt
on the existence of such an enzyme in human spermatozoa
and its possible contribution to oxidative stress in the male
germ line (146, 147). However, in 2002, Banfi et al. (148)

described the existence of an NADPH oxidase (NOX5) in
several cell types, including human spermatozoa. Musset et al.
(149) subsequently confirmed immunocytochemically that this
oxidase was not only present in the neck or acrosomal region
of these cells but generated superoxide anion in a calcium-
dependent manner. They also identified cAbl as a tyrosine
kinase associated with the activation of this oxidase. In addition,
exposure to hydrogen peroxide was found to activate ROS
generation by NOX5. These findings explain why several authors
(150–152) have found that sustained ROS generation by human
spermatozoa can be triggered by transient exposure to an
oxidizing agent such as hydrogen peroxide—it also provides a
mechanism. ROS generation is known to be associated with
the stimulation of tyrosine phosphorylation in mammalian
spermatozoa through the suppression of tyrosine phosphatase
activity and the activation of adenylyl cyclase (153–155). cAMP
is, in turn, known to activate cAbl in spermatozoa (156), and this
kinase would then be expected to activate NOX5 leading to yet
more ROS generation in concert with sperm capacitation, which
is also cAMP driven (Figure 4).

The clinical significance of NOX5 is indicated by its high
level of expression in the spermatozoa of asthenozoospermic
males in concert with increases in superoxide and hydrogen
peroxide generation and DNA damage (157). NOX5 expression
has also been shown to be elevated in cases of teratozoospermia
(158). Physiologically, the H(V)1 proton channel, which has
been implicated in the regulation of sperm motility, is required
for optimal superoxide production by spermatozoa via NOX5
(149), presumably by preventing cytoplasmic acidification that
inevitably follows NADPH oxidation:

NADPH+ 2O2 ⇒ NADP+ + 2O2
−
r

+H+

NADPH oxidase superoxide proton

Moreover, there is evidence that NOX5 and H(V)1 are involved
in the induction of calcium signaling via Catsper in response to
progesterone stimulation (159), again reflecting the fact that the
activity of this calcium channel is highly sensitive to changes in
pH (160) and that NOX 5 achieves intracellular alkalinization by
activating the H(V)1 proton channel. Thus, it is possible that that
NOX5 is a key regulator of sperm function as well as a potential
mediator of oxidative stress and sperm pathology (Figure 4).
However, we do not yet know why NOX5 activity would be
elevated in the spermatozoa of infertile males. It is possible
that the supply of NADPH is rate limiting in this situation and
that cells possessing a large amount of residual cytoplasm (a
characteristic feature of defective human spermatozoa suffering
from oxidative stress) could fuel oxidase activity because they are
over-endowed with glucose-6-phosphate dehydrogenase, a key
regulator of the hexose monophosphate shunt responsible for
regulating NADPH generation (161). We also do not understand
how mouse spermatozoa can exhibit the same relationship
between cAMP, ROS generation and sperm capacitation (162)
but do not possess NOX5—possibly other oxidases are active in
this species.
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FIGURE 4 | Potential role for NOX5 in the regulation of sperm capacitation. NOX5 catalyzes the generation of superoxide anion and protons. The latter activate the

H(V)1 proton channel leading to proton extrusion and alkalinization of the cytoplasm. This pH change activates the CatSperm channel leading to calcium influx which

in turn further promotes NOX5 activity. The other product of NOX5 action, superoxide anion participates tin the activation of soluble adenylyl cyclase and the

generation of cAMP. cAMP activates PKA which then phosphorylates as number of tyrosine kinases. At the same time, hydrogen peroxide and peroxynitrite (ONOO−)

co-operate to silence tyrosine phosphatase activity leading to a global increased in phosphotyrosie expression. One of the kinases activated in this process, cAbl, as

well as hydrogen peroxide, are both known to stimulate NOX5 activity. As a consequence of these activities, NOX5 is maintained in an activated state, driving the

tyrosine phosphorylation cascades that culminate in the attainment of a capacitated state.
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Lipoxygenase
Another factor in the oxidative stress equation that may be
upregulated in spermatozoa possessing excess residual cytoplasm
is lipoxygenase. This enzyme is present in cytoplasmic droplets of
defective spermatozoa (163) and catalyzes the dioxygenation of
polyunsaturated fatty acids to the corresponding hydroperoxide.
The enzyme facilitates the initial hydrogen abstraction step
in the peroxidation process, creating a lipid radical that then
combines with molecular oxygen to create a peroxyl radical
that on protonation generates the corresponding hydroperoxide.
There are two ways in which this chemistry could be associated
with oxidative stress. The first is that in the presence of
NADPH, lipoxygenases can generate superoxide anion directly
(164). Pharmacological inhibition of the lipoxygenase, ALOX15,
in precursor male germ cells and spermatozoa results in a
significant reduction in both mitochondrial and cytoplasmic
ROS generation, as well as a dramatic reduction in 4-HNE
accumulation (165, 166). These findings are consistent with
the ability of polyunsaturated fatty acids to stimulate ROS
generation in human spermatozoa and thereby compromise
sperm function (126). The second means by which excess
lipoxygenase activity could create oxidative stress in these cells
is by fueling the generation of lipid hydroperoxides in the sperm
plasma membrane. These peroxides have the potential to initiate
a lipid peroxidation cascade if sufficient transition metals (e.g.,
iron, copper) are present in the immediate vicinity (167). If left
unbroken, such peroxidative chain reactions culminate in the
generation of electrophilic lipid aldehydes such as 4-HNE which
can have a devastating impact on sperm function by binding
to key proteins involved in the execution of sperm function. In
this context, incubating human spermatozoa in the presence of a
lipoxygenase inhibitor has been shown to both reduce the levels
of 4-HNE accumulation in human spermatozoa and promote the
functional competence of these cells (166).

L-amino Acid Oxidase
The first enzyme that was ever shown to generate ROS in
mammalian spermatozoa was an L-amino acid oxidase. In their
landmark papers published more than 70 years ago, Tosic
and Walton (168, 169) described the presence of an enzyme
in bovine spermatozoa that generated significant quantities of
hydrogen peroxide using aromatic acids, such as phenylalanine.
Interestingly dead cells were more responsive to phenylalanine
stimulation because the disrupted plasma membrane allowed
this amino acid substrate access to the oxidase. So, when bovine
spermatozoa were exposed to high concentrations of aromatic
amino acids (as happens when these cells are suspended in
cryostorage media supplemented with egg yolk) the dead cells
generated high amounts of hydrogen peroxide which then
impeded the motility and fertilizing potential of live cells in
the immediate vicinity. The same oxidase has been detected
in equine (170), ovine (171), and human spermatozoa (172).
In the latter, oxidase activity was lost from non-viable cells,
so the “dead cell-influencing-live cell” scenario established
for ungulate spermatozoa does not apply in the human
situation. The physiological purpose of the oxidase is currently
unclear, although in the presence of phenylalanine human

spermatozoa develop many of the hallmarks of capacitation,
including increased tyrosine phosphorylation and enhanced
acrosome rates, via mechanisms that could be reversed by the
concomitant presence of catalase. It is therefore possible that this
enzyme contributes to the redox regulation of capacitation as
spermatozoa ascend the female reproductive tract (172)-always
assuming the bioavailability of adequate quantities of aromatic
amino acids in this location.

Antioxidant Protection
Spermatozoa possess very little cytoplasm and, as a consequence,
they are deficient in the antioxidant enzymes that protect most
cells from oxidative stress. This does not mean that these cells
are totally lacking in any form of intracellular protection because
they do possess a number of important antioxidant enzymes
such as peroxiredoxin 6, superoxide dismutase, the glutathione
peroxidase-reductase couple and limited catalase (86, 173–175).
However, the level of protection afforded by these systems
has finite limits with the result that spermatozoa are heavily
dependent on extracellular antioxidants present the seminiferous
tubule fluid (176) epididymal plasma (177), seminal plasma
(178) and uterotubal fluid (179) to provide them with complete
protection during their voyage from the seminiferous tubules to
the vitelline membrane of the oocyte. As a result, any factors
that impact the overall antioxidant status of an individual, and
thus the bioavailability of extracellular antioxidants, can have
an impact on the levels of oxidative stress suffered by the male
germ line and thence fertility (180, 181). Examples of such
conditions include diet (182), varicocele (183) smoking (184),
obesity (185), heat stress (186), and environmental toxicants such
as bisphenol A (187) all of which can impact systemic antioxidant
tone and thus the vulnerability of spermatozoa to oxidative stress.
Inadequate intracellular and extracellular antioxidant protection
could therefore be a major factor in the etiology of both male
infertility and oxidative DNA damage to the paternal genome
(188). Given this background it would seem axiomatic that
if oxidative stress is such a powerful cause of reproductive
dysfunction in the male, then antioxidants should be part of
the cure (189, 190). Unfortunately, the clinical trials needed to
demonstrate that the administration of antioxidants to patients
suffering demonstrable oxidative stress in their germ line will
reap a therapeutic reward, have not yet been conducted at
scale. Some promising pilot studies have been conducted with
positive results (191) and efficacy has clearly been demonstrated
in animal models (190). However, the gold standard randomized,
double-blind, cross-over, placebo-controlled trial has yet to be
conducted, partly because there is currently no consensus over
the oxidative stress markers that should be used to identify
appropriate patients for antioxidant therapy.

Other Therapeutic Interventions
In addition to antioxidant administration we should also
recognize that a variety of lifestyle interventions might also
influence the oxidative stress underpinning male infertility
including, increased exercise, improved diet as well as the
cessation of alcohol consumption and cigarette smoking.
Interestingly, the practice of yoga has been found to have a
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positive impact on the mRNA profile of human spermatozoa,
their epigenetic status, the generation of ROS, the levels of
DNA damage in the sperm nucleus and various attributes of the
conventional semen profile (192, 193). Such results suggest that
male infertility may have a strong psychogenic component which
can be ameliorated by yoga-based lifestyle interventions aimed at
reducing cognitive, as well as oxidative, stress.

Oxidative Stress and Embryo Development
While we have traditionally viewed male reproductive
competence in terms of fertilization capacity, it is now
clear that the definition of “competence” should extend beyond
conception to encompass the establishment of a normal
viable pregnancy as well as the health and well-being of the
offspring. It is therefore important to acknowledge that oxidative
damage to human spermatozoa does not just influence their
capacity for fertilization but also has a major impact on the
developmental potential of the embryo (194, 195). Importantly,
when spermatozoa are subjected to increasing levels of oxidative
stress, the induction of significant DNA damage precedes
the loss of fertilizing potential (196). As a consequence, it is
perfectly possible for a DNA damaged spermatozoon to achieve
fertilization of the oocyte. When this happens, the oocyte
immediately launches into a round of DNA repair in order
to address any damage in the paternal genome prior to the
initiation of S-phase of the first mitotic cell division. If the oocyte
makes a mistake at this point or is overwhelmed by the levels
of DNA damage brought in by the fertilizing spermatozoon,
it has the potential to increase mutations in the offspring that
may significantly impact the latter’s developmental potential and
long-term health trajectory.

Oocytes are particularly vulnerable to the introduction of
oxidative DNA damage by the fertilizing spermatozoon because
they are deficient in the first enzyme of the base excision repair
pathway, OGG-1 (197). Typically, defective human spermatozoa
carry extremely high levels of oxidative DNA damage (198, 199)
so the chances are, that fertilization will force the oocyte to
the very limits of its repair capacity. Persistence of paternally-
derived oxidized DNA base adducts into S-phase of the first
mitotic division will enhance the risk of de novomutations being
created as the embryos enter the cleavage stage of development.
Experimentally, if gametes are generated expressing high levels of
oxidative DNA damage by genetically inactivating the major base
excision DNA repair pathways, then the offspring exhibit high
levels of de novo mutations, particularly G to T transversions,
and live lives shortened by birth defects and disease, including
cancer (200). Oxidative stress in the male germ line can therefore
not only create de novo mutations directly; it can also generate
pre-mutational damage that becomes fixed as a genetic mutation
following fertilization, as a result of deficient or aberrant repair
in the oocyte prior to the first cleavage division (82). It has
recently been recognized that while most age-related de novo
mutations are paternal in origin, there is also a powerful maternal
contribution (83).We hypothesize that this maternal factor could
be the negative impact of age on the DNA repair capacity in
the oocyte (201). Viewed in this light, the creation of de novo
mutations could be regarded, at least in part, as a collusion

between the male and female germ lines. In the male germ
line, we see extensive evidence of oxidative DNA damage, the
incidence of damage increasing with age as the DNA repair
capacity of the germ line declines. This oxidatively damaged
DNA is then brought into the oocyte by the fertilizing sperm,
overwhelming the latter’s capacity for effective DNA repair and
stimulating the creation of de novo mutations that ultimately
impact the health and well-being, and potentially the fertility, of
the offspring.

A Unifying Concept: Oxidative DNA
Damage, Infertility and Offspring Health
So, we have a male infertility landscape which, until recently has
been largely unexplained. However, in the past decade or so, it
has become clear that both genetics and oxidative stress play
important roles in the definition of semen quality. In the final
section of this review we ask whether these two epidemiological
pathways might be causally linked.

Clearly oxidative stress in the male germ line can be driven by
a great many environmental, lifestyle and clinical factors ranging
from smoking, obesity, electromagnetic radiation including heat,
a variety of xenobiotic toxicants including the omnipresent
phthalate esters and bisphenol A, varicocele, infection and
autoimmunity [(202, 203); Figure 5]. As germ cells differentiate,
they become progressively less adept at DNA repair and this
ineptness only increases with paternal age (204). The oxidative
damage sustained by these cells will, if it is sufficiently intense,
suppress the fertilizing capacity of the spermatozoa by impairing
their motility and their capacity for interaction with the oocyte
(85). If the damage is less intense, these cells may still retain
their capacity for fertilization and thus have the ability to carry
oxidatively damaged DNA (194) and, potentially, oxidatively
damaged centrioles (205) and telomeres (206) (guanine rich
structures at the end of chromosomes that are known to be
paternally inherited and vulnerable to oxidative stress), into
the oocyte, all of which could disrupt embryonic development,
implantation and the progress of pregnancy to term. Genetic
and epigenetic mutations induced via this mechanism have
the potential to impact the fertility, health and well-being of
the offspring.

In terms of infertility, the DNA fragmentation precipitated
by the induction of oxidative stress has the potential to create
Y chromosome deletions through aberrant recombination of the
repetitive sequences that abound on this chromosome. Stochastic
pointmutations introduced by suchmeans also have the potential
to induce infertility if they interfere with expression of key genes
involved in orchestrating the production and differentiation of
spermatozoa. The complex nature of these cells ensures that there
are plenty of genes to choose from.

We have recently reported that when spermatozoa are
exposed to an oxidative stress, DNA damage is generated
across the genome as one might have anticipated, although
the sex chromosomes are to some degree protected. Against
this background there is, however, one area of the human
sperm genome that is particularly vulnerable to oxidative
attack on chromosome 15 (207). Such susceptible genomic sites
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FIGURE 5 | A possible unifying hypothesis. According to this model a variety of environmental, lifestyle, and medical factors conspire to generate a state of oxidative

stress in the male germ. Oxidaitve stress then induces DNA damage in human spermatozoa. A spermatozoon carrying high levels of oxidative DNA damage then

fertilizes the egg and in the hours between fertilization and the initiation of S-phase of the first mitotic cell division the oocyte attempts to repair the DNA damage

brought in by the fertilizing spermatozoon. If the oocyte makes a mistake at this point it may fix the paternal oxidative DNA damage as a mutation in the embryo. Such

mutations may induce infertility in the offspring as a result of, for example, point mutations in genes that are critical for the reproductive process or Y-chromosome

deletions. Alternatively, the oxidative DNA damage may occur in an area of the genome, such as chromosome 15, that does not frequently affect fertility but influences

the health and well-being of the offspring inducing pathologies, including brain disorders, imprinting errors and cancers, that are known to have a powerful paternal

component.

experienced a dramatic (2–15 fold) increase in their burden
of oxidative DNA damage in patients undergoing infertility
evaluation compared to normal healthy donors. Translocations
affecting this area of the genome are known to cause male
infertility (208) as are point mutations affecting genes on
chromosome 15 such as SNRPA1. The latter is involved
in establishing the spliceosome, a dynamic ribonucleoprotein
complex responsible for orchestrating the processing of RNA
during spermatogenesis, defects in which cause non-obstructive
azoospermia (209). Catsper is also located in this area of

the genome and defects in this critical sperm component
are also associated with male infertility (210). The presence
of small supernumerary marker chromosomes (sSMCs) is
similarly associated with severe male infertility involving
oligoasthenoteratozoospermia and most commonly involves
chromosome 15 (211). Large deletions on chromosome 15
including the Catsper gene, and another gene also associated
with spermatozoa, STRC (stereocilin), have also been linked
to a rare condition characterized by male infertility and
deafness (212). Interestingly, none of the other point mutations
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associated with male infertility that were covered in the first
part of this review, involve chromosome 15. Whether the
observed mutations are involved in the central endocrine drive
to spermatogenesis, the process of spermatogenesis itself or
the production of morphologically normal motile spermatozoa
capable of fertilization, they occur in virtually every part of the
genome but not chromosome 15. Perhaps this is too vulnerable
an area of the genome to sequester genes that are critical to
reproductive success.

However, chromosome 15 does encode a number of genes
involved neurological development. The very area of the genome
that we have found to be vulnerable to oxidative attack is also
the site of genetic perturbations associated with a variety of brain
disorders including Marfan syndrome, epilepsy, spontaneous
schizophrenia, bipolar disease, attention deficit hyperactivity
disorder and, critically, autism (213). Interestingly, all of these
conditions are highly correlated with the age of the father at
the moment of conception. Since paternal age is associated with
oxidative stress in the male germ line, we hypothesize that an age-
related oxidative attack on the paternal germ line precipitated the
mutations that ultimately led to these conditions appearing in the
offspring (Figure 5).

Of course, aging is just one way of creating oxidative stress
in germ cells, there are many others not least of which is
infertility itself. Since male infertility is commonly associated
with the kind of oxidative stress we associate with aging, we
might anticipate an increase in conditions such as autism in
the offspring of ART patients, particularly when ICSI is used as
the insemination procedure. In keeping with this proposition, a
report from the USA did indeed find an increased risk of autism
in the progeny when ICSI, not IVF, was used to inseminate
the oocytes (214). Similarly, the area of chromosome 15 which
is vulnerable to oxidative attack also houses the imprinted
genes responsible for Prader-Willi and Angelman syndromes
and evidence exists to suggest that both of these conditions
may elevated in the offspring of subfertile couples and may be
exacerbated by assisted conception therapy (215). Although this
association between assisted conception therapy and imprinting
disorders is not consistently observed across all datasets, the
3.44-fold increase in Prader Willi syndrome observed by Hattori
et al. (215) is particularly striking and could be explained by
oxidative destruction of the paternal allele, allowing the maternal
allele to dominate. Interestingly, deletions in this area of the
genome are thought to involve DNA fragmentation followed
by aberrant recombination of flanking repeat elements (END-
repeats), in much the same way as deletions are induced on the
Y-chromosome (216).

Smoking is another condition associated with oxidative stress
in the male germ line, that is independent of age and generates
8OHdG lesions in human spermatozoa via mechanisms that
can be exacerbated by antioxidant deficient diets and OGG1
Ser326Cys polymorphisms (217, 218). There are also data to
indicate a significant association between paternal smoking
and cancer in the offspring, particularly leukemias including
acute lymphoblastic leukemia (219). Consistent with the data
presented above, it is of interest that one of the loci associated
with childhood leukemia is on chromosome 15 (15q13–15)

(220). Fundamentally, oxidative DNA damage induced in human
spermatozoa as a result of heavy smoking is probably responsible
of introducing millions of de novo mutations into our species
(221), with implications for the future incidence of childhood
leukemias (and possibly other conditions) in affected lineages.

The genomic domain we have identified as being particularly
susceptible to oxidative damage is known to be a hot spot for
copy number variation (222) and microdeletions in 15q11.2
BP1-BP2 (the Burnside-Butler susceptibility locus) are known
to associated with intellectual impairment (223). Thus, oxidative
damage to this area of the genome in human spermatozoa
may be associated with a range of phenotypes in the offspring
including male infertility, imprinting disorders and a plethora
of behavioral/intellectual defects. Any conditions that promote
oxidative damage in human spermatozoa may increase the
incidence of such conditions in the offspring depending on
the severity and location of the damage and the efficiency of
DNA repair.

CLINICAL SIGNIFICANCE

What is the clinical significance of all this information?
Fundamentally, this review is intended to highlight the potential
significance of oxidative stress in both the etiology of male
infertility and the mutational load subsequently carried by the
offspring. The management of male infertility patients should
therefore involve an assessment by the levels of oxidative
stress and DNA damage suffered by the spermatozoa. If
these parameters are elevated, then, and only then, should
interventions be considered. The most obvious therapeutic
intervention would be to give affected patients antioxidants and
thenmonitor the levels of oxidative stress over time to ensure that
this approach (or the particular antioxidant product selected) is
being effective. It is important not to give antioxidants in the
absence of a diagnosis of oxidative stress in order to avoid the
induction of reductive stress, which can be just as damaging as its
oxidative counterpart. From a preventative standpoint, it would
also be important to carefully review the patient’s medical history,
occupation and lifestyle in an attempt to identify potential causes
of the oxidative stress which could be addressed. Thus, the
presence of a varicocele, infection, sedentary lifestyle, obesity,
lack of exercise, poor diet, high scrotal temperatures, excessive
consumption of recreational drugs including alcohol and tobacco
and psychological stress, are all possible contributors to oxidative
stress in infertility patients that might be addressed by simple
lifestyle interventions. As far as genetic factors are concerned, the
management options are more challenging because the damage
has already been done in the germlines of the patients’ forebearers
and, in the absence of gene therapy, the only realistic option is
IVF/ICSI. While this form treatment has enjoyed some success,
knowing the genetic basis of the infertility (particularly for the
most common genetic conditions such as cystic fibrosis gene
mutations, Klinefelter syndrome, Y chromosomemicrodeletions,
Noonan syndrome, and chromosomal translocations) may be
important in counseling the patients on the likely health
trajectory of their offspring and the possible benefits of using
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donor spermatozoa. See Ferlin and Foresta (224) for further
detailed discussion of these issues from a clinical perspective.

CONCLUSION

In conclusion. a variety of environmental and lifestyle factors
including age, smoking, infertility, obesity, exposure to a range of
xenobiotic toxicants, radiofrequency electromagnetic radiation,
heat and cryopreservation (213, 225, 226) conspire to generate
oxidative DNA damage and fragmentation in the male germline.
Inefficient or aberrant repair then fixes this damage as amutation,
either in the germline itself or in the newly fertilized oocyte.
Mutations generated in this way can cause infertility in male
offspring as a consequence of Y-chromosome deletions or a
wide range of mutations in other parts of the genome that
influence the production or functionality of the spermatozoa. In
addition, these mutations can cause a range of other diseases
particularly cancer and brain disorders, including autism and

spontaneous schizophrenia. This tentative unifying hypothesis is
summarized in Figure 5 and provides us with a model we can test
in future studies.
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Endocrinology of Reproduction, Saint Mary Hospital, Terni, Italy

Sertoli cells (SC) are immune privileged cells with the capacity of modulating the immune
response by expressing several immune-regulatory factors. SC have the capacity to
respond to external stimuli through innate phagocytic and antibacterial activities. This
evidence evoked a potential role of SC as drug carriers and therapeutic agents. Such
stimuli drive SC towards a still unknown evolution, the clinical relevance of which as yet
remains undisclosed. This study sought to investigate the effects of external stimuli in the
form of polymeric microparticles (MP) and bacteria derived endotoxins, such as
lipopolysaccharides (LPS), in order to identify the pathways potentially involved in cell
phenotype modifications. Compared to single stimulation, when combined, MP and LPS
provoked a significant increase in the gene expression of IDO, PD-L1, FAS-L, TLR-3, TLR-
4, MHC-II, ICAM-1, TFGb1, BDF123, BDF129, BDF3 and pEP2C. Western Blotting
analysis demonstrated up-regulation of the ERK 1–2 and NF-kB p65 phosphorylation
ratios. Our study, showing the exponential increase of these mediators upon combined
MP and LPS stimulation, suggests a “switch” of SC function from typical cells of the blood-
testicular barrier to nonprofessional tolerogenic antigen-presenting cells. Further studies
should target the clinical and technological implications of such stimuli-induced
SC transformation.
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INTRODUCTION

Sertoli Cells (SC), located in the seminiferous epithelium, are
somatic “nursing” cells that mechanically segregate germ cell
autoantigens by means of the blood-testis barrier (BTB) and
create a microenvironment that protects the germ cells from the
host’s immune system attack on their development within the
tubules (1, 2).

SC not only serve as a physical barrier, but can enable
modulation of the immune response as well by secreting trophic,
anti-inflammatory, and immunomodulatory factors (3). In
particular, SC produce different hormones, including the anti-
Müllerian hormone (AMH), Activin A, and inhibin B that play
an important role for the preservation of their function (4).

Additionally, other cytokines and immunomodulatory
factors, including the Transforming Growth Factor-b
(TGFb), Interleukin (IL)-1a and IL-6, defensins (a-, b-
defensin), Indoleamine 2,3-dioxygenase (IDO), and the
presence of several toll-like receptors contribute to SC immune
competence (5–8). Due to these properties, SC have been used
for different therapeutic applications, in allogeneic and
xenogeneic transplant protocols as well as for the management
of several chronic diseases (9–15).

Themultifaceted SC nature enables them to respond tomultiple
stimuli and conditions. As a result, SC can accomplish a number of
fundamental roles, including scavenger activities during
spermatogenesis and infections.

These innate phagocytic and antibacterial aptitudes further
make SC therapeutically attractive.

SC provide the first line of response to invading pathogens
gaining access via the male genital tract (16, 17).

A bacteriostatic action of rat SC was postulated against
phagocytized Staphylococcus aureus (18) and ascribed to the
secretion of defensins in rodents and canines (19, 20) and to the
high mobility group box chromosomal protein 1 in rat and
human SC (21).

Moreover, SC have been found potentially useful as safe drug
carriers against inflammatory conditions and infections. Kumar et al.,
transplanted rat SC pre-loaded with curcumin containing chitosan
nanoparticles, in a mouse model of acute pulmonary inflammation.

SC accumulated preferentially in the lungs with no immune
complications or other observed side effects (22). In another
study, the SC phagocytic and antibacterial activities were
exploited to formulate a SC-based drug delivery system (23).
The SC loaded with a microencapsulated antibiotic complex
showed good antibacterial activity over time and storage
potential, posing the base for the development of novel cell-
based drug delivery systems.

Nevertheless, even though most of SC functions were preserved,
it is conceivable to suppose that such a manipulation may induce
significant changes in cell characteristics. Moreover, whether such
changes may occur even upon external stimulation by toxicants
during infection or exposure to non-toxic contaminants in the testis
is not known.

Being the whole picture rather unclear and, to the best of our
knowledge, not been explored so far, this work was focused on
the understanding of how external stimuli may alter SC features
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and induce SC evolution towards a mutated phenotype, which
may suggest potential clinically relevant health consequences.

On this purpose, lipopolysaccharides (LPS), potent pro-
inflammatory bacterial endotoxins from the cell wall of Gram-
negative bacteria, were chosen as an infection-related stimulus,
since they are generally recognized as a standard model for
investigating inflammation and response to infection in vivo and
in vitro (24, 25). In fact, LPS can initiate a strong immune
response and serve as an early warning signal of bacterial
infection. Circulating LPS are intercepted by the LPS binding
protein (LBP) in the serum (26), which then transfers LPS to
CD14 that splits LPS aggregates into monomeric molecules and
presents them to the TLR4–MD-2 complex. Aggregation of the
TLR4–MD-2 complex after LPS binding leads to the activation of
multiple signaling components, including NF-kB and IRF3, and
the subsequent production of pro-inflammatory cytokines
(27, 28).

As a non-toxic contaminant stimulus, blank poly(lactide-co-
glycolide) microparticles (MP) were employed based on previous
evidence of safety and the capacity to trigger endocytic/
phagocytic processes (23).

Upon exposure to such stimuli, SC were characterized by
addressing the activated mediators and identifying the
underlying signalling pathways.
MATERIALS AND METHODS

Primary Cultures of Neonatal Porcine
Sertoli Cells
Animal studies were conducted in agreement with the guidelines
adopted by the Italian Approved Animal Welfare Assurance (A-
3143-01) and European Communities Council Directive of 24
November 1986 (86/609/EEC). The experimental protocols were
approved by the University of Perugia. Number 2 large white
neonatal pigs (15 to 20 days old) underwent bilateral
orchidectomy after general anesthesia with ketamine (Ketavet
100; Intervet, Milan, Italy), at a dose of 40 mg/kg, and
dexmedetomidine (Dexdomitor, Orion Corporation, Finland),
at a dose of 40 g/kg, and were used as SC donors. Specifically,
pure porcine neonatal SC were isolated, characterized and tested
for functional competence according to previously established
methods (29, 30).

Microparticle Preparation-Size and Uptake
Process
MP were prepared by spray-drying of an acetonitrile polymer
solution by using a Buchi Mini spray-dryer B290 (Buchi, Italy).
The polymer employed was poly (DL-lactide) (PLA)

R203H (MW 20–30 kDa, Boehringer Ingelheim, Germany).
The instrumental parameters were set according to previously
published experiments (23). Additionally, particle size analysis
was performed by an Accusizer C770 particle counter (PSS,
Santa Barbara, CA) equipped with an autodilution system. MP
were dispersed in 1% w/v Tween 80 solution, slightly sonicated
and immediately analyzed. MP size was expressed as volume
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mean diameter and population spread as span [Eq. (1)]:

span = (d90 − d10)=d50 (1)

where d90, d10 and d50 are the diameters ≤90%, 10% and 50%
of the population distribution, respectively (23).

Subsequently, the MP were morphologically characterized by
Scanning Electron Microscopy (SEM) using a FEG LEO 1525
microscope (LEO Electron Microscopy Inc., NY). The
acceleration potential voltage was maintained at 10 keV.
Samples were suspended in water and placed onto carbon tape
coated aluminum stubs. After complete water evaporation the
stubs were sputter coated with chromium prior to imaging by a
high resolution sputter (Quorum Technologies, East Essex, UK).
Coating was performed at 20 mA for 30 s (23).

MP loading into cells was accomplished by exploiting the
innate phagocytic capacity of SC.

MP were properly weighed and dispersed into HAMF12
medium by gentle bath sonication in order to avoid foaming
and MP flotation. SC were plated at a density of 0.5–1 × 105 cells/
cm2 and incubated in standard conditions (37°C, 5% CO2) with
MP at a concentration of 30mg/cm2 for 5 h according to
Giovagnoli et al. (23), obtaining the MP-SC.

Experimental Design
The experimental groups were assigned as follow:

- Control: untreated SC

- MP-SC

- SC plus LPS (LPS) at concentration of 1mg/ml for 5 h (31).

- MP-SC plus LPS at concentration of 1mg/ml for 5 h.
Quantitative, Real−Time PCR
Real-time PCR analyses for IDO, PD-L1, TLR-3, TLR-4, MHC-
II, ICAM-1, TFGb1, BDF123, BDF129, BDF3 and pEP2C were
conducted as previously described (32) by employing the primers
listed in Table 1. Briefly, total RNA was extracted, using Trizol
reagent (Sigma-Aldrich, Milan, Italy) and quantified by reading
the optical density at 260 nm. In particular, 2.5mg of total RNA
Frontiers in Endocrinology | www.frontiersin.org 355
was subjected to reverse transcription (RT Thermo Scientific,
Waltham, MA, USA) in a final volume of 20 mL. Real-time PCR
was performed using 25 ng of cDNA prepared by the RT reaction
and SYBR Green master mix (Stratagene, Amsterdam, the
Netherlands). This procedure was performed in an Mx3000P
cycler (Stratagene), using FAM for detection and ROX as
reference dye. The mRNA level of each sample was normalized
by b-actin mRNA and expressed as fold changes vs the level of
the control group.

Protein Extraction and Western Blot
Analysis
Total protein extracts were prepared by lysing cells in 100 ml of
radio-immunoprecipitation assay lysis buffer (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA).

After centrifuging the mixture at 1,000×g (Eppendorf, NY,
USA) for 10 min, the supernatant was collected, and total protein
content was assayed by the Bradford method (33). Sample
aliquots were stored at −20°C for WB analysis. The cell
extracts were separated by 4–12% SDS-PAGE, and equal
amounts of protein (70 mg protein/lane) were run and blotted
on nitrocellulose membranes (BioRad, Hercules, CA, USA). The
membranes were incubated overnight in a buffer containing 10
mM TRIS, 0.5 M NaCl, 1% (v/v) Tween 20 (Sigma-Aldrich),
rabbit anti-ERK1/2 (Millipore, MA, USA; dilution factor,
1:2,000), mouse anti-phospho- ERK1/2 (Millipore; dilution
factor, 1:100), rabbit anti-NF-kB p65 antibody (AbCam,
Cambridge, UK; dilution factor, 1:1,000).

Primary antibody binding was then detected by incubating
the membranes for an additional 60 min in a buffer containing
horseradish peroxidase conjugated anti-rabbit (Sigma-Aldrich;
dilution factor, 1:5,000) and/or anti-mouse (Santa Cruz Biotechnology
Inc.; dilution factor, 1:5,000) IgG secondary antibodies. The bands
were detected by enhanced chemiluminescence.

Statistical Analysis
Values reported in the figures are the mean ± S.D. of three
independent experiments, each one performed in triplicate.
Statistical analysis was performed by the paired Student’s t-test
TABLE 1 | Primer sequences for PCR analyses.

Gene Forward Reverse Ta

b-actina ATGGTGGGTATGGGTCAGAA CTTCTCCATGTCGTCCCAGT 56°C
IDO ATGAAGGCGTTTGGGACACC GAGGAATCCAGCAGCAGAGC 56°C
PDL-1 AAACAATTAGACCTGGCTG TCTTACCACTCAGGACTTG 56°C
FAS-L GCAGAAGGAACTGGCAGAAC TTAAATGGGCCACACTCCTC 56°C
MHCII GACCAGATGAGGTTATTGG GGTCCTGTAGTTGTGTCT 56°C
ICAM-1 AGGGAAACCAGACACAAG ACGACAAGTTAGCCAGTT 56°C
TLR-3 CACTATGCTCGATCTTTCCTAC CAATTCAGGTACCTCACATTG 56°C
TLR-4 CTTCACTACAGAGACTTCA ACAATAACCTTCCGACTT 56°C
TGF1b GCCCTGGACACCAACTATTGC GCTGCACTTGCAGGAGCGCAC 56°C
TGF3b GCACTTGCAAAGGGCTC TTGGCATAGTATTCCGA 56°C
BDF123 GAGTGCGTTGGGAAGATG TCGGTATGTACTTGGGATGT 56°C
BDF129 TGAAGAGGTCGCCAAGAA GGATGATGGTGGTGTTGATG 56°C
BDF3 GCCTTGCTCTTCTTGTTC GCTACCTATCTGTTCCTCTT 56°C
BDF4 GCTACCTATCTGTTCCTCTT GCATCAAGGTCATTTCTCA 56°C
pEP2C CAAGTCTCACCTGTTACG ATCTGCCTTCACTTCTCT 56°C
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using SigmaStat 4.0 software (Systat Software Inc., CA, USA). All
tests were performed in triplicate, and statistically significance
was assigned to p < 0.05.
RESULTS

Sertoli Cell Purification, Characterization,
and Function
SC isolated from testes of Large White neonatal pigs were
comprised of highly purified tissue (95%) as indicated by the
immunostaining for AMH, a specific and unique neonatal
SC marker.

The presence of “contaminating” non-SC cells was extremely
low (<5%) according to Arato et al. (34).

Microparticle Dimensional Analysis and
Uptake Process
The average size of MP was consistent with possible uptake
by SC.
Frontiers in Endocrinology | www.frontiersin.org 456
The average volume mean diameter of MP was 8.8 mm with a
span value of 1.2, which indicates a good homogeneity of the
particle size distribution as also shown by SEM analysis
(Figure 1).

RT-PCR Analysis
As revealed by real-time PCR analyses, a general major increase
of gene expression was observed for nearly all the selected
mediators mainly when LPS stimulus was employed with
MP loading.

In fact, IDO gene expression did not changes in MP-SC, while
it was significantly higher compared with the control after LPS
and MP-SC plus LPS stimulation (Figure 2A, p < 0.001). A
similar trend was recorded in Programmed Death-Ligand 1
(PD-L1) expression that increased with LPS and, in particular
upon MP-SC plus LPS stimulation, while it resulted even down-
regulated in MP-SC (Figure 2A, p < 0.05 and p < 0.001). On the
other hand, the Fas ligand (FAS-L) was slightly more expressed
only when coupling the MP-SC and LPS treatment (Figure 2A,
p < 0.05). Likewise, the measurement of the Toll-Like Receptor
(TLR-3) and (TLR-4) expression confirmed a major effect of LPS
A

B

FIGURE 1 | MP characterization and uptake. Dimensional analysis obtained by granulometer (A) and SEM image of MP (B).
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and MP-SC plus LPS treatments as compared with the control
and no changes in MP-SC (Figure 2B, p < 0.001). Moreover, we
observed a significant increase in the expression of the Major
Histocompatibility Complex (MHC-II) in MP-SC plus LPS-
stimulated SC and not in the other experimental groups.
(Figure 2B, p < 0.001). The Intercellular Adhesion Molecule 1
(ICAM-1) and TGFb1 expression were upregulated following LPS
and MP-SC plus LPS treatments, while only TGFb1 was down-
regulated in MP-SC (Figures 2A, B, p < 0.05 and p < 0.001).
Frontiers in Endocrinology | www.frontiersin.org 557
The same behavior was observed for BDF123, BDF129,
BDF3 and pEP2Cexpression following LPS and MP-SC plus
LPS treatment with no changes in MP-SC. The only exception
was BDF123 and pEP2C that were down-regulated by LPS
treatment (Figure 2C, p < 0.05 and p < 0.001).

Western Blot Analysis
The WB recorded showed a general increase of the
phosphorylation ratio of ERK1-2 compared to the control by
MP plus LPS treatment, while we observed a significant
reduction after MP-SC and LPS treatment (Figures 3A, B, p <
0.05 and p < 0.001).

On the other hand, the Nf-kB p65 level was significantly up-
regulated only for MP-SC plus LPS treatment, with a statistically
significant reduction after MP-SC treatment and not changes
after LPS stimulus compared to the control (Figures 3A, B, p <
0.05 and p < 0.001).
DISCUSSION

In the present study, we focused on the effect of the exposure of
SC to MP and LPS as models of non-toxic and infection-released
stimuli, respectively, to understand changes in SC signatures due
to the activation of selected mediators and signalling pathways.

In particular, our experimental design consisted in a first step
in which SC were loaded with empty MP mimicking what
reported by Giovagnoli et al. (23). that could be followed or
not by a second step of stimulation with LPS to create a useful
high mammalian in vitro model to assess the cell responses at an
early stage of infection by i.e. Gram-negative bacteria or
mycobacteria (31). In fact, LPS is a standard agent employed
in in vivo and in vitro protocols acting as a potent stimulator of
the innate immune response (28). This setup was intended to
simulate cell activation against pro-inflammatory and
immunostimulatory agents (23).

MP loading was easily achieved by exploiting the natural
scavenging role of SC in the testis. In fact, it is well known that,
under physiologic conditions, SC internalize residual
cytoplasmic bodies as an important function to maintain the
homeostasis of the testis (35, 36).

In response to LPS stimulation of MP-SC, we observed up-
regulation of gene expression for important markers involved in
the innate immune response such as IDO, PD-L1, FAS-L, TLR-3,
TLR-4, MHC-II, ICAM-1, TFGb1, BDF123, BDF129, BDF3
and pEP2C.

IDO interferes with immunity as a result of its involvement in
the kynurenine pathway (the O2-dependent oxidation of L-
tryptophan) and it increases the production of Treg, involved
in the surveillance of self-tolerance to auto-antigens, thus
preventing autoimmunity (37).

Fallarino et al., 2009, for the first time, demonstrated IDO’s
expression in SC (9). Herein, the up-regulation of IDO gene
expression, after subsequent stimulation with LPS, would explain
a possible role of SC in immuno-regulation, within a TGFb
A

B

C

FIGURE 2 | Real-Time PCR. Gene expressions of IDO, PD-L1, FAS-L,
TFGb1, TFGb3 (A) TLR-3, TLR-4, MHC-II, ICAM-1 (B) BDF123, BDF129,
BDF3, BDF4 and pEP2C (C) were evaluated by Real Time PCR. See text for
more details. Data represent the mean ± S.E.M. (*p < 0.05 and **p < 0.001
respect to untreated SC) of three independent experiments, each performed
in triplicate.
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mediated IDO-dependent mechanism as demonstrated by the
further up-regulation of TGFb1 gene expressions (9).

PD-L1, also known as CD274 or B7-H1, is a fundamental
trans-membrane protein involved in the repression of the
immune response during pregnancy, allograft, autoimmune
diseases and other diseases such as hepatitis (38). The
expression of B7-H1 contributes to the inhibition of immune
responses by negatively interfering with CD8+ T cell
proliferation, while inducing the expression of MHC class II,
which mediates the increase of Tregs (39), as also demonstrated
by the observed up regulation of MHC-II and ICAM1 gene
expression, confirming previous published reports (39). In fact,
MHC-II is a well-known trans-membrane protein and its main
function is to present processed antigens, which are derived
primarily from exogenous sources, to CD4(+) T-lymphocytes,
playing an essential role in innate as well as acquired immunity
(40). ICAM-1, also known as CD54, is a cell surface glycoprotein
expressed on a wide variety of cell types, with distinct patterns of
gene regulation and effector functions. ICAM-1 is expressed
constitutively at low levels in endothelial cells and some
lymphocytes and monocytes and its expression can be
significantly increased, in the presence of cytokines, even in
nonvascular cells such as SC (5, 31).

In our model, the increased expression of these mediators
seems to confirm the data reported by Dal Secco et al, showing
how SC could function as nonprofessional tolerogenic antigen-
presenting cells by inducing enrichment in regulatory T cells
(Tregs) in a mixed T lymphocyte population (39).

All these datawere further corroborated byupregulationofFAS-
Lgeneexpression that is a trans-membraneproteinbelonging to the
TNF (Tumor necrosis factor) family regulating the immune
response by formation of the immunological synapse (41).

Additionally, our experimental setup confirmed the
involvement of TLR-4 in LPS stimulation of MP-SC, where
TLR-4 is a transmembrane protein capable of recognizing
specific pathogen molecules such as LPS of mycobacteria wall
and Gram-negative bacteria. Specifically, LPS exerts its effects
exclusively through the TLR-4 receptor complex (28) leading to
activation of the intracellular signaling pathway of NFkB,
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responsible for the activation of the innate immune system, as
confirmed by our WB data analysis where we observed the up-
regulation of NF-kB p65, an important effector of canonical
activation of the NF-kB pathway (5, 28).

Furthermore, we observed an increased gene expression of
TLR-3, another member of the TLR family that plays a
fundamental role in the recognition of non-self (DAMP/
PAMP) molecules, by activating the innate immune response
(5). These observations confirmed the data of Qin et al. showing
how TLR3 upregulation contributed on the modulation of
inflammatory cytokine generation during orchitis in testicular
cells (42).

In the present study, we focused, additionally, on analyzing
the expression of b-defensins (BDF) by MP-SC after
LPS treatment.

b-defensins, a major group of mammalian antimicrobial
peptides, are expressed in SC and represent one of the earliest
mediators of the host’s defense in human and animals (19). The
expression of b-defensins in the testis and different regions of the
epididymis provides an innate defense immune mechanism in
the male reproductive tract (43). In European wild boar
naturally infected with Mycobacterium bovis, Galindo et al.
(40) observed an overexpression of BDF129 suggesting its
protective role against mycobacteria and confirming the data
of Riva-Santiago et al. (44). who observed the overexpression of
BDF3 and BDF4 mRNA, in a mouse model of mycobacterial
infection, thus hypothesizing their role in the control of
mycobacterial growth.

In our study, we observed upregulation of BDF123, BDF129,
BDF3 and pEP2C, confirming their role in the innate defense
immune mechanisms in the male reproductive tract (44).

Finally, our WB data, demonstrated un up-regulation of
phosphorylation ratio of ERK 1-2.

The increase of ERK, member of the mitogen-activated
protein kinases (MAPK) pathway, suggest their involvement in
LPS stimulation.

There are several studies showing that MAPK play an
important role in numerous male reproductive processes,
including BTB dynamics, germ cell-cycle progression and
A B

FIGURE 3 | WB analysis. Immunoblots of phospho-ERK1-2/ERK1-2 and NF-kB p65 (A). Densitometric analysis of the protein bands of phospho- ERK1-2/ERK1-2 and
NF-kB p65 (B). Data represent the mean ± S.E.M. (*p < 0.05 and **p < 0.001, respect to untreated SC) of three independent experiments, each performed in triplicate.
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differentiation, and germ cell apoptosis in the seminiferous
epithelium (45, 46).

In particular, previous studies showed that BTB dysfunction
is closely associated with the activation of the MAPK and NFkB
pathways in some infections (5, 47, 48).

In conclusion, our data confirmed that SC are able to uptake
MP, as previously described (23), and may be subsequently
activated by LPS stimulation (31), suggesting that this
experimental procedure seems to be the best strategy to
activate SC against a microbial agent (synergistic effect).

Moreover, the ability of SC to internalize MP could be
exploited by using them as carriers to deliver drugs to the
target area, with no systemic side effects.

The present work, by pinpointing the exponential increase of
pro-inflammatory pathways in MP-SC, after LPS stimulation,
suggests a hypothetical “role” of SC, additional to that of cells of
the blood-testicular barrier, as nonprofessional tolerogenic
antigen-presenting cells.

All these data strengthen the concept that SC can be
considered a complex “micro-laboratory” secreting a cocktail
of immunomodulatory factors.

These findings warrant further investigation to understand
how the SC respond to infections by activating several pro-
inflammatory pathways.

A prospective impact of the present study is the possibility to
transform SC into potentially valuable therapeutic tools by
exploring their native and induced competences. Unraveling
the effect of external stimuli on SC competence is crucial to
depict the underlying response mechanisms that may be useful to
tackle diseases with inflammatory or immunological signatures
even of infective origin. The dual capacity of SC to function as
carries as well as immunomodulatory/antibacterial agents could
be exploited to develop novel cell-based treatments for
pathologies otherwise difficult to treat. Such an ambitious goal
cannot be sought without knowing how SC manipulation alters
their natural features and without a full disclosure of the clinical
relevance of such observations.

This study represents a first attempt to comprehend the
intricate pattern of SC stimulation that naturally occurs when
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cells are exposed to non-physiological conditions or are
manipulated in laboratory settings. As such, this study shows
several limitations as it lacks of insightful quantification of cell
signaling pathways and secretome analysis. In this regard, future
studies are desirable implying the application of advanced
molecular techniques, including proteomics, single-cell RNA
analysis and macroarray investigations to identify the possible
involvement of secondary factors and pathways to broaden the
picture on induced sertolian functions.
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Background: Infertility affects about 7% of the general male population. The underlying
cause of male infertility is undefined in about 50% of cases (idiopathic infertility). The
number of genes involved in human spermatogenesis is over two thousand. Therefore, it is
essential to analyze a large number of genes that may be involved in male infertility. This
study aimed to test idiopathic male infertile patients negative for a validated panel of
“diagnostic” genes, for a wide panel of genes that we have defined as “pre-diagnostic.”

Methods: We developed a next-generation sequencing (NGS) gene panel including 65
pre-diagnostic genes that were used in 12 patients who were negative to a diagnostic
genetic test for male infertility disorders, including primary spermatogenic failure and
central hypogonadism, consisting of 110 genes.

Results: After NGS sequencing, variants in pre-diagnostic genes were identified in 10/12
patients who were negative to a diagnostic test for primary spermatogenic failure (n = 9) or
central hypogonadism (n = 1) due to mutations of single genes. Two pathogenic variants
of DNAH5 and CFTR genes and three uncertain significance variants of DNAI1, DNAH11,
and CCDC40 genes were found. Moreover, three variants with high impact were found in
AMELY, CATSPER 2, and ADCY10 genes.

Conclusion: This study suggests that searching for pre-diagnostic genes may be of
relevance to find the cause of infertility in patients with apparently idiopathic primary
spermatogenic failure due to mutations of single genes and central hypogonadism.

Keywords: male infertility, next-generation sequencing, genetic test, spermatogenesis defects,
azoospermia, oligozoospermia
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INTRODUCTION

The increasing knowledge of male reproduction physiology, of
fertilization, and the advent of increasingly effective assisted
reproductive techniques, have led to a profound change in the
management of male infertility. Currently, the diagnostic
workflow offered to male infertile patients includes medical
history collection and physical examination, followed by a
combination of laboratory testing tailored to each case,
including an in-depth genetic laboratory analysis (1–3).
Diagnostic tests should be performed after at least 1 year of
infertility. Accordingly, a couple can be defined infertile if they
do not reach pregnancy after a year of unprotected and regular
sexual intercourses (4).

Genetic factors are found in about 15% of male infertile
patients. They include chromosomal abnormalities or single-
gene mutations (5, 6). Over 200 genetic disorders related to male
infertility are reported in the Online Mendelian Inheritance in
Man (OMIM) database (7, 8). The genetic of male infertility is
greatly complex because semen and testis histological
phenotypes are very heterogeneous and up to 2,300 genes are
involved in spermatogenesis (1, 9). Moreover, studies in male
infertility are challenging. Accordingly, genetic infertility results
in an elimination of these mutations from the gene pool, since
these are not transmitted. Furthermore, genetic and epigenetic
changes accumulate in spermatozoa with aging, and rare single
nucleotide polymorphisms and copy number variants can
contribute to idiopathic male infertility (1). It is important to
trace the non-genetic and genetic causes of male infertility since
the latter are the cause of half of the cases of non-conception (4).
Notably, to identify new genetic biomarkers of genetic infertility
deserve investigation, because the standard clinical evaluation of
infertile patients and karyotype analysis can identify the cause of
infertility only in about 50% of the cases (10). The combination
of genetic and epigenetic testing seems to identify genetic
variations and differential expression of specific genes,
providing information on the true ability of a man to
reproduce. In contrast, a semen analysis may fail to evidence
even a partial impairment of sperm parameters (9).

There are two general approaches for finding genes involved
in infertility: the candidate gene approach in model animals, and
the whole genome studies such as single-nucleotide
polymorphism microarray and next-generation sequencing
(NGS) technologies, such as exome or whole-genome
sequencing (11, 12). Despite a throughout diagnostic workup,
conventional genetic tests largely fail to reach a diagnosis (13)
and the cause of male infertility remains elusive in up to ∼70% of
cases (14). Recent research seems to address the role of NGS
technology in raising the rate of diagnosis in male infertility (15,
16). Accordingly, several diagnostic genes have already been
shown to be involved in the pathogenesis of male infertility (15).
Pre-diagnostic genes, including those reported in association
with male infertility but with no definitive evidence of a
causative role, may help to reach a diagnosis. To this end, the
present study was undertaken to evaluate a series of pre-
diagnostic genes by comparing the results with those obtained
Frontiers in Endocrinology | www.frontiersin.org 262
with our usual NGS custom-made gene panel for the diagnosis of
male infertility, including 110 genes.
METHODS

Patients and Samples
Twelve patients with a clinical diagnosis of male infertility and
negative to diagnostic genetic testing were selected for this study.
Eleven were suspected to have primary spermatogenic failure
and one was suspected to have central hypogonadism. More in
detail, primary spermatogenic failure was suspected for a history
of couple infertility longer than 2 years, after the exclusion of the
female factor infertility and of acquired causes of male infertility
(e.g. male accessory gland infection, varicocele, testicular trauma,
etc.). Also, patients enrolled in this study were negative for first
step genetic analysis, such as karyotype abnormalities, Y
chromosome AZF microdeletions, or CFTR conventional
gene mutations.

An informed written consent was obtained from each patient.
The study was carried out following the tenets of the Declaration
of Helsinki and it was approved by the local Ethics Committee. A
blood EDTA sample was collected from each subject. Samples of
genomic DNA of all subjects were extracted from peripheral
blood using a commercial kit (SAMAG 120 BLOOD DNA
Extraction Kit). DNA was quantified using Quant-iT Picogreen
dsDNA Assay Kit (Life Sciences) and a Varioskan LUX
(Thermo Scientific).

Gene Panel Design
A single NGS panel related to male infertility disorders
comprising a total of 175 genes was designed. Then, 110 genes
were analyzed in a diagnostic setting, and 65 genes comprising
pre-diagnostic or informative genes were analyzed in patients
who resulted negative to the diagnostic testing. The genes
included in the panel were based on their correlation with male
infertility described in Online Mendelian Inheritance in Man
(OMIM) (7), GeneReviews (17), and primary literature. Genes
were classified as “diagnostic” when they and their genetic
variants were clearly correlated to male infertility in literature.
Instead, genes were classified as “informative or pre-diagnostic”
when they were reported to be associated with male infertility, but
the causality link has not been unequivocally established. The list
of genes associated with male infertility related to the diagnostic
suspect of the considered subjects included in the two NGS panel,
is shown in Table 1.

The custom Illumina Nextera panel included genomic targets
comprising coding exons and 15 bp flanking regions of each
gene. The target length of the diagnostic panel was 314,814 bp.
Instead, the target length of the pre-diagnostic panel was 188,074
bp. Figure 1 describes the laboratory and analysis workflow.

Genetic Analysis and Variant Detection
DNA samples were processed using MiSeq personal sequencer
(Illumina, San Diego, CA, USA) using a paired-end protocol and
a 150 bp long reads, following the laboratory methods described
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TABLE 1 | Diagnostic and pre-diagnostic genes associated with male infertility
included in the custom NGS panels.

Diagnostic and pre-diagnostic
genes (Male condition)

Genes
(coverage)

OMIM REFSEQ

Diagnostic genes (Defects of
primary spermatogenesis)

AURKC
CATSPER1
CFAP44
DPY19L2
KLHL10
NANOS1
PICK1
PLK4

SEPT12
SOHLH1
SUN5
SYCP3
TEX11
USP9Y
ZPBP
BRDT

CFAP43
DNAH1
HSF2
MEIOB
NR5A1
PLCZ1
RHOXF2
SLC26A8
SPATA16
SYCE1
TAF4B
TEX15

ZMYND15

*603495
*606389
*617559
*613893
*608778
*608226
*605926
*605031
*611562
*610224
*613942
*604759
*300311
*400005
*608498
*602144
*617558
*603332
*140581
*617670
*184757
*608075
*300447
*608480
*609856
*611486
*601689
*605795
*614312

NM_001015878
NM_053054
NM_018338
NM_173812
NM_152467
NM_199461
NM_012407
NM_014264
NM_144605

NM_001012415
NM_080675

NM_001177948
NM_001003811
NM_004654
NM_007009
NM_001726
NM_025145
NM_015512
NM_004506
NM_152764
NM_004959
NM_033123
NM_032498
NM_052961
NM_031955
NM_130784
NM_005640

NM_001350162
NM_001136046

diagnostic genes
(Hypogonadotropic
hypogonadism)

ANOS1 *300836 NM_000216
CCDC141 *616031 NM_173648
DUSP6 *602748 NM_001946
FGF17 *603725 NM_003867
(100.0%) *136350 NM_023110
FGFR1 *136530 NM_000510
(100.0%) *138850 NM_000406
FSHB *606807 NM_017563

(100.0%) *604161 NM_032551
GNRHR *608137 NM_015537
(100.0%) *607002 NM_021935
IL17RD *603961 NM_006080
(100.0%) *610224 NM_001012415
KISS1R *607984 NM_030964
(84.84%) *603819 NM_001035235
NSMF *162332 NM_001059

(95.03%) *109135 NM_021913
PROK2 *608892 NM_017780
(97.67%) *613301 NM_001024613
SEMA3A *600483 NM_033163
(100.0%) *604808 NM_198391
SOHLH1 *152760 NM_001083111
(100.0%) *604846 NM_004807
SPRY4 *603286 NM_002256
(98.25%) *152780 NM_000894
SRA1 *607002 NM_001126128

(100.0%) *607123 NM_144773
TACR3 *608166 NM_012431
(100.0%) *602229 NM_006941

AXL *607984 NM_001293290
(100.0%) *162330 NM_013251

(Continued)
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TABLE 1 | Continued

Diagnostic and pre-diagnostic
genes (Male condition)

Genes
(coverage)

OMIM REFSEQ

CHD7 *606417 NM_018117
(99.54%)
FEZF1

(96.46%)
FGF8

(93.16%)
FLRT3
(100.0%)
GNRH1
(100.0%)
HS6ST1
(96.3%)
KISS1

(100.0%)
LHB

(100.0%)
PROK2
(97.67%)
PROKR2
(100.0%)
SEMA3E
(100.0%)
SOX10
(100.0%)
SPRY4
(98.25%)
TAC3

(100.0%)
WDR11
(100.0%)

Pre-diagnostic genes ADGRG2
CFTR

NLRP14
RBMXL2
INHBB
INSL6
FKBPL
KLK12
KLK14
KLK15
KLK3
KLK4
KLK6
SEMG1
TSPY1
PRM1
PRM2
NPAS2
CFAP65
DNAH6
TDRD9
RSPH1
CCDC40
CCDC39
SPAG17
DNAH10
CCDC103
GAS8
DNAH5
DNAI1
AURKB

*300572
*602421
*609665
*605444
*147390
*606414
*617076
*605539
*606135
*610601
*176820
*603767
*602652
*182140
*480100
*182880
*182890
*603347
*614270
*603336
*617963
*609314
*613799
*613798
*616554
*605884
*614677
*605178
*603335
*604366
*604970

NM_001079858
NM_000492
NM_176822
NM_014469
NM_002193
NM_007179
NM_022110
NM_019598
NM_022046
NM_017509
NM_145864
NM_004917
NM_002774
NM_003007
NM_003308
NM_002761

NM_001286356
NM_002518
NM_194302
NM_001370
NM_153046

NM_001286506
NM_001243342
NM_181426
NM_206996

NM_001372106
NM_213607

NM_001286205
NM_001369
NM_012144
NM_004217

(Continued)
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elsewhere (18, 19). Fastq (forward-reverse) files were obtained
after sequencing. Reads alignment was done by the BWA (0.7.17-
r1188) software. Duplicates were removed using the
SAMBAMBA (0.6.7) program and GATK (4.0.0.0) were used
for re-alignment. We used international databases dbSNP (www.
ncbi.nlm.nih.gov/SNP/) and Human Gene Mutation Database
professional (HGMD; https://apps.ingenuity.com/ingsso/login)
for all nucleotide changes. In silico evaluation of the
pathogenicity of nucleotide changes in exons was performed
using Polymorphism Phenotyping v2 (PolyPhen-2, http://
genetics.bwh.harvard.edu/pph2/), Sorting Intolerant
from Tolerant (SIFT, https://sift.bii.a-star.edu.sg/), and
MutationTaster (http://www.mutationtaster.org). Minor allele
frequencies (MAF) were checked in the Genome Aggregation
Database gnomAD (http://gnomad.broadinstitute.org/). Sanger
sequencing was performed for confirmation when target
region coverage was less than 15 reads. Nucleotide alterations
were analyzed and validated by Sanger sequencing. After
confirmation, each variant was classified as a pathogenic, likely
pathogenic, variant of unknown significance (VUS), likely benign,
or benign, according to the American College of Medical Genetics
(ACMG) guidelines (20). Coding genomic regions (CDS) that
were sequenced with coverage less than 15X were eventually
re-sequenced using Sanger technology.
RESULTS

Twelve infertile patients were analyzed with two NGS custom-
made panels. They had a median age of 38 years (range 24–55).
Clinical details, including testicular histology and responsiveness
to FSH therapy (when available), are reported in Table 2.
TABLE 1 | Continued

Diagnostic and pre-diagnostic
genes (Male condition)

Genes
(coverage)

OMIM REFSEQ

CAMK4
DPP6

HORMAD1
MAGEB4
PIWIL1
PYGO2
SPINK2
TNP1

TSPYL1
E2F1
USP26
FKBP6
NR0B1
WT1

NSUN7
DNAH11
GALNTL5
GAPDHS
TEKT2
ADCY10
PLA2G6

CATSPER2
CATSPER4
CATSPER3
BSCL2
NXF3
PRMT7
ANKS1A
TSPAN7
SPANXN5

SSX7
AMELY
EPHA3
H2BFWT

*114080
*126141
*609824
*300153
*605571
*606903
*605753
*190231
*604714
*189971
*300309
*604839
*300473
*607102
*617185
*603339
*615133
*609169
*608953
*605205
*603604
*607249
*609121
*609120
*606158
*300316
*610087
*608994
*300096
*300668
*300542
*410000
*179611
*300507

NM_001744
NM_130797
NM_032132
NM_002367

NM_001190971
NM_138300
NM_021114
NM_003284
NM_003309
NM_005225
NM_031907
NM_003602
NM_000475
NM_000378
NM_024677
NM_003777
NM_145292
NM_014364
NM_014466
NM_018417

NM_001004426
NM_054020
NM_198137
NM_178019
NM_032667
NM_022052
NM_019023
NM_015245
NM_004615

NM_001009616
NM_173358
NM_001143
NM_005233

NM_001002916
FIGURE 1 | Laboratory and analysis workflow.
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Unpredictably, after genetic testing and a more than a 2 year-
long history of couple infertility, patients 5 (despite mild
oligozoospermia) and 8 (despite oligozoospermia and testicular
hypotrophy) spontaneously impregnated their wives, fathering
healthy children.

Our gene panel design generated a mean sequencing depth of
359X, whereas 98% of the target regions had a sequencing depth
of at least 25X. Variants in the pre-diagnostic genes were
identified in 10/12 subjects negative to diagnostic testing with
suspected defects of primary spermatogenesis (83%). Seventeen
filtered variants were detected in 12 of the 65 genes analyzed
(18%): DNAH11, DNAH10, DNAH5, DNAI1, CCDC40, CFTR,
GALNTL5, AMELY, KLK4, KLK14, CATSPER2, and ADCY10. In
particular, two heterozygous variants (p.Lys1853*, rs748618094,
in DNAH5 and p.Asp1152His, rs75541969, in CFTR) already
reported as pathogenic were detected. Three variants with
uncertain significance: p.Arg654Cys, rs140820295 in DNAI1
(heterozygous); p.Pro3935Leu, rs72658814 in DNAH11
(homozygous); and p.Asp284His, rs201042940 in CCDC40
(heterozygous) were also found. All of them were predicted to
be disease-causing by MutationTaster, Damaging by SIFT, and
Probably Damaging by Polyphen-2.

Moreover, three variants with high impact were identified: the
hemizygous splice variant c.574-1G>A (rs760519968) in AMELY
affects the acceptor splice site of the last exon and may cause the
activation of a cryptic splice site and consequently a stop-loss
mutation. This variant is predicted to be disease-causing by
MutationTaster. The heterozygous variant c.842+1G>C
(rs199516208) in CATSPER2 affects a donor splice site. This
may cause the activation of a cryptic splice site and the
introduction of a premature stop codon and is considered
disease-causing by MutationTaster. The heterozygous
truncating variant c.90T>A; p.Cys30* in ADCY10. This variant
is considered pathogenic for the autosomal dominant inherited
condition of susceptibility to absorptive hypercalciuria
(OMIM #143870).

The genetic variants identified in the 12 infertile patients
enrolled in this study using an NGS pre-diagnostic genes panel
are reported in Table 3. Almost half of the variants identified by
NGS in the 12 patients included in this study belong to the
cytoplasmic dynein genes. The distribution of pre-diagnostic
genes variants is shown in Figure 2.
DISCUSSION

Male infertility is a condition with highly heterogeneous
phenotypic representation and a complex multifactorial
etiology including environmental and genetic factors. The
elevated number of candidate genes makes it hard to find a
genetic cause of infertility in the majority of the cases (22–24).
Anyway, a multi-disease gene panel can improve the
identification of the etiology of male infertility (3, 25, 26). In
several cases, idiopathic infertility has a genetic origin, therefore
a correct phenotyping and medical history of the infertile patient
may represent an initial basis for the genetic interpretation of the
disorder (27), especially for the genetic variants of uncertain
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significance (VUS). To classify genetic variants, a prior likelihood
of pathogenicity, based on in silico analysis, can be associated
with the available genetic and epidemiological data to calculate
the probability that a variant is pathogenic, in a multifactorial
likelihood model.

Based on references of the American College of Medical
Genetics and Genomics, genetic variants can be distinguished
into five classes: pathogenic, likely pathogenic, variant of
uncertain significance, likely benign, or benign (28). A VUS is
a genetic change with unclear implications for gene function.
Interpretation of VUS represents a difficult challenge for genetic
counseling and clinical management of infertile male patients. It
is fundamental to identify VUS and to evaluate them since, at
moment, they are not clearly associated with a phenotype but
may be classified as pathogenic in the future (29–31).

We have successfully developed a genetic test based on NGS
that covers the main male infertility indications (9, 32, 33). We
developed a custom-made panel of 65 additional pre-diagnostic
genes that we tested in 12 infertile patients who were negative to
a diagnostic panel consisting of 110 genes. Eleven patients had a
primary spermatogenic failure and one patient had
central hypogonadism.

In our analysis, 17 filtered variants were found in the
following 12 out of the 65 genes analyzed (18%): DNAH11,
DNAH10, DNAH5, DNAI1, CCDC40, CFTR, GALNTL5,
AMELY, KLK4, KLK14, CATSPER2, and ADCY10. Some
reports have described the involvement of the mutations of
these genes in the pathogenesis of male infertility. As an
example, DNAH11, DNAH5, DNAI1, and CCDC40 genes have
been linked to primary ciliary dyskinesia (34, 35). Similarly, the
GALNTL5 and the KLK genes may be involved in the
pathogenesis of asthenozoospermia (36, 37).

Almost half of the variants identified by NGS belong to the
cytoplasmic dynein genes (Figure 2). Dynein genes are known to
be involved in the syndromic forms of asthenozoospermia,
including primary ciliary dyskinesia/Kartagener syndrome
(38–40). A possible association between variants of dynein genes
and isolated non-syndromic asthenozoospermia has also been
reported (41).
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FIGURE 2 | Pre-diagnostic gene variants distribution.
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Two pathogenic variants in two patients with primary
spermatogenic failure were identified: p.Lys1853*, rs748618094
in DNAH5, and p.Asp1152His, rs75541969 in CFTR (42).
DNAH5 (Dynein Axonemal Heavy Chain 5), mapping on the
chromosome 5p15.2, encodes an axonemal heavy chain dynein
protein. Variations in this gene mainly cause primary ciliary
dyskinesia type 3 and Kartagener syndrome, which are diseases
due to ciliary defects. Truncating variants in DNAH5 results in
the absence of the outer dynein arm of the cilia, leading to
abnormal ciliary structure and motor function (43, 44). In this
specific case, Subject 2 has azoospermia and carries this variant
in a heterozygous state, a trait that may be associated with
mutations in DNAH5. However, pathologic phenotype
associated with mutations in DNAH5 is inherited in a recessive
manner. We cannot exclude the presence of a large deletion/
insertion in the other allele or the contribution of other genes.
CFTR (CF Transmembrane Conductance Regulator), mapping
on chromosome 7q31.2, encodes a membrane protein and
chloride channel. Notoriously, mutations in this gene cause
cystic fibrosis (45). CFTR is important for spermatogenesis
(46). Genetic variants of the CFTR gene are a relatively
frequent cause of male infertility, due to obstructive
azoospermia, or in atypical forms of CF such as the congenital
absence of the vas deferens, bilateral ejaculatory duct obstruction, or
bilateral obstructions (47, 48). However, the patient studied here
(Subject 8) has oligo-astheno-teratozoospermia, a trait never
associated with this gene. We cannot exclude the presence of a
large deletion/insertion in the other allele or the contribution of
other genes.

Moreover, in our analysis three VUS were found: p.Arg654Cys,
rs140820295 in DNAI1, p.Pro3935Leu, rs72658814 in DNAH11,
and p.Asp284His, rs201042940 in CCDC40.

DNAI1 (Dynein Axonemal Intermediate Chain 1), mapping on
the chromosome 9p13.3, and DNAH11 (Dynein Axonemal Heavy
Chain 11), mapping on the chromosome 7p15.3, are other genes of
the dynein family related to primary ciliary dyskinesia and involved
in male infertility (48), especially in isolated non-syndromic
asthenozoospermia (32). The variant in DNAI1 is heterozygous;
however primary ciliary dyskinesia caused by mutations in DNAI1
is inherited in an autosomal recessive manner. We cannot exclude
that heterozygous variants in DNAI1 may cause a milder
phenotype characterized only by infertility. In this specific case,
Subject 1 showed oligo-astheno-teratozoospermia. Variants of
DNAH11 are found also in primary ciliary dyskinesia patients
with normal ciliary ultrastructure. Interestingly, we found a patient
(Subject 7) that carries the p.Pro3935Leu variant in a homozygous
state. In gnomAD this variant is always reported in a heterozygous
state. CCDC40 (Coiled-Coil Domain Containing 40) mapping on
the chromosome 17q25.3, is another gene associated with ciliary
dyskinesia. The coiled-coil domain-containing protein CCDC40 is
essential for motile cilia function and left-right axis formation (49).
The variant p.Asp284His was found in compound heterozygosity
with p.Phe649Leu, therefore we may speculate that both variants
cannot cause major developmental defects like primary ciliary
dyskinesia but they can cause oligo-astheno-teratozoospermia as
observed in Subject 3. Interestingly, other variants with high impact
Frontiers in Endocrinology | www.frontiersin.org 767
requiring further functional and family segregation studies were
identified. For instance, the splice variants rs760519968 in AMELY
and rs199516208 in CATSPER2, and the stop gained variant
p.Cys30* in ADCY10. To date, no loss-of-function mutations
have been reported in the AMELY (Amelogenin Y-linked) gene
in association with infertility. Structural rearrangements involving
AMELY, mapping on the chromosome Yp11.2, have been found in
patients with hypogonadism (50), although a direct link between
the phenotype and the rearrangement has not been proven.
CATSPER2 (Cation Channel Sperm Associated 2) mapping on
the chromosome 15q15.3 is the main Ca2+ channel mediating
extracellular Ca2+ influx into spermatozoa. CATSPER-related
infertility is associated with azoospermia. This is consistent with
the phenotype reported in Subject 9 (51). ADCY10 (Adenylate
Cyclase 10) mapping on the chromosome 1q24.2, encodes for
soluble adenylyl cyclase, which is the predominant adenylate
cyclase in sperm crucial to sperm motility regulation, and it is
associated with severe recessive asthenozoospermia (52). Subject 10
shows oligo-astheno-teratozoospermia, therefore his phenotype is
partially overlapping with asthenozoospermia. Although
truncating variants in ADCY10 are recessively inherited when
associated with infertility, we cannot exclude the presence of a
large insertion/deletion in the other allele that was not detected
with NGS.

Therefore, an NGS custom-made panel test including pre-
diagnostic genes can give an improvement to genetic diagnostic
testing and can influence male infertility clinical management.
The precise prevalence of male infertility is not known and, at
present, there are not complete systematic reviews or meta-
analyses on the epidemiology of male infertility (53, 54).
Making the diagnosis of genetic infertility is of relevance, also
because the available epidemiological observations indicate
lower life expectancy and higher morbidity in infertile
patients (55, 56).

In conclusion, we showed the efficacy of NGS-based
approaches also employing pre-diagnostic genes. This panel of
genes may help to identify the etiology underlying the disorder
and guide clinical management.
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Infertility is an important health problem that affects up to 16% of couples worldwide. Male
infertility is responsible for about 50% of the cases, and the various causes of male infertility
may be classified in pre-testicular (for example hypothalamic diseases), testicular, and post-
testicular (for example obstructive pathologies of seminal ducts) causes. Sexually transmitted
infections (STI) are increasingly widely accepted by researchers and clinicians as etiological
factors of male infertility. In particular, several recent reports have documented the presence of
HPV in seminal fluid and observed that sperm infection can also be present in sexually active
asymptomatic male and infertile patients. In this review, we aimed to perform a systematic
review of the whole body of literature exploring the impact of HPV infection in natural and
assisted fertility outcomes, from both an experimental and a clinical point of view. Starting from
in-vitro studies in animals up to in-vivo studies in humans, we aimed to study and evaluate the
weight of this infection as a possible cause of idiopathic infertility in males with any known
cause of conception failure.

Keywords: human papillomavirus, HPV seminal infection, male infertility, anti-sperm antibodies, assisted
reproductive technique, HPV treatment
INTRODUCTION

Human Papillomavirus (HPV) is the etiological agent of the most common sexually transmitted
infection worldwide, with an estimated 6.2 million new cases annually (1). HPV comprises a group
of small non-enveloped epitheliotropic viruses with a double-stranded circular DNA genome made-
up of 8000 bp. Its virion has an icosaedral shape, of 55 nm diameter, constructed of 52 capsomeres,
each containing five molecules of the major capsid protein L1 and a smaller number of the minor
capsid protein L2 (2). HPV consists of more than 200 genotypes, adapted to particular epithelial
tissues, such as anogenital skin and mucosa (3). According to the basis of oncogenic potential, HPV
can be divided in two different groups: high-risk (HR-HPV) and low-risk (LR-HPV). The former
ones, that include the well-known 16 and 18 types, have been classified as oncogenic to humans
according the International Agency for Research on Cancer (4), and may cause neoplastic
transformations in the following epithelial areas: cervix, vagina, vulva, anus, penis and
oropharynx (5). The latter ones, such us 6 and 11 types, are responsible of benign diseases such
as genital warts (6). HPV infections are primarily contracted by direct contact of the skin or
n.org March 2021 | Volume 12 | Article 643539170
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mucoses with an infected lesion. Genital HPV infection is largely
transmitted through sexual intercourse, mostly insertive
intercourses, although non-penetrative types of contact, such
us genital-genital, oral-genital and manual-genital are also
possible routes of transmission (7). Concerning the
epidemiology of HPV infection, an evident difference occurs in
the prevalence of the infection between females and males: while
in the formers the prevalence is high in the first years after the sex
debut and thereafter it decreases, in males the prevalence
remains high during the whole life (8). Despite HPV-related
diseases have been historically almost exclusively studied in
females, recently, a growing interest is developing towards
HPV infection in males. Recently it has been definitely
demonstrated that, in addition to the well-known external
genital areas, HPV virions may also be detected inside the
male reproductive tract. In particular, it has been detected in
male accessory glands were it can represent a possible cause of
MAGI (male accessory gland infection), a condition which may
play an important role in the impairment of seminal fluid and
thus of fertility (9, 10). Finally, it was found in semen, both in
exfoliated cells and even bound to spermatozoa (1, 11). Since the
first studies which focused about this topic, it was clear that HPV
does not enter the sperm cells, differently from the infection of
epithelial cells and the exact localization of HPV in sperm was
clarified by some important in vitro studies. Through
immunofluorescence techniques, some authors clarified both
the mechanism of sperm-HPV binding and its exact
localization (12, 13). They reported that HPV-L1 capsid
protein is able to bind the glycosamino-glycan Syndecan-I on
the sperm surface and located in the equatorial region of the
head. On this basis, different authors investigated the possible
role of HPV semen infection in male infertility and recent
metanalyses showed that this condition can impair couples
fertility through different mechanisms (11, 14–16).
AIMS OF THIS REVIEW

The first aim of this review was to summarize the implications of
HPV semen infection on the following topics: i) effect on sperm
parameters, ii) development of anti-sperm antibodies, iii) impact
on both natural and assisted reproductive outcomes, such us
pregnancy rate and miscarriage rate. We also discussed in-vitro
studies reporting the possible role of HPV infected spermatozoa
on blastocyst development and trophoblastic invasiveness.
Moreover, we summarized the diagnostic and therapeutic
strategies available in infertile couples aimed to improve the
reproductive outcome.
DATA SOURCES AND METHODS

Literature analysis was performed on the electronic databases
Medline, Embase, ScienceDirect and the Cochrane Library,
considering the time interval from January 1995 to October
2020. Key terms included: “HPV semen infection,” “HPV male
Frontiers in Endocrinology | www.frontiersin.org 271
infection,” “HPV and male infertility,” “HPV and anti-sperm
antibodies,” “HPV and sperm parameters,” “HPV and sperm
DNA fragmentation,” “anti-sperm antibodies and fertility,”
“HPV-infected spermatozoa and fertilization,” “HPV and
fertility outcome,” “HPV and blastocyst,” and “HPV and
trophoblast.” We considered randomized trials, observational
and retrospective studies, original articles having as topic the
relationship between HPV sperm infection and the following
items: altered sperm parameters, anti-sperm antibodies (ASA),
sperm apoptosis, sperm DNA alteration and infertility. In the
included studies, all known causes of male infertility had been
ruled out. We also included experimental in vitro studies focused
on the effects of HPV infection on oocyte fertilization, blastocyst
development, and trophoblastic cell invasiveness. Also, studies
describing the adjuvant administration of the HPV quadrivalent
vaccine Gardasil (Merck Serono S.p.A., Milan, Italy) as a possible
strategy to promote HPV clearance from semen in infected
males, were included. An accurate analysis of the references of
the main works was successively performed. We considered data
from eligible studies separately, according to different topics:
“HPV and impairment of sperm parameters,” “HPV and
development of anti-sperm antibodies,” “HPV and impairment
of natural and assisted fertility outcome.” Manuscripts were
selected according to the use of the following methods: semen
parameters and the related alterations were defined according to
WHO laboratory manual for examination and processing of
human semen (17) and Hamilton Thorn motility analyzer (18);
HPV-DNA detection in spermatozoa, whole semen and fertilized
oocyte, was performed by the use of polymerase chain reaction
(PCR) and fluorescence in situ hybridization (FISH) techniques.
The evaluation of apoptotic events, related to HPV, in
spermatozoa and embryo was detected through a terminal
deoxyribonucleotidyl transferase-mediated dUTP nick-end
labelling assay (TUNEL) test, DNA-Comet assay, DNA Disk
chip assay, and Cell Death Detection ELISA assays or SCSA (flow
cytometric technique). Sperm washing procedures relied on two-
layer isolate colloid wash, test-yolk buffer procedures, swim-up
procedure, modified swim-up with enzymatic treatment
(Hyaluronidase) and discontinuous Ficoll gradients. Foresta et al.
(13) used the hamster egg–human sperm penetration test (HEPT)
to assess the ability of HPV-infected spermatozoa to fertilize and
transfer viral genome into oocytes.
RESULTS

The literature search, based on previously mentioned key terms,
identified a total of 24 papers meeting all the eligibility criteria for
this review. Figure 1 reports the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) flow diagram
which shows the process of study selection. The reported
evidences ranged between 1997 and 2020. Some papers
evaluated more than one topic. Among these manuscripts, 14
papers focused on the clinical impact of HPV detection in semen
related to the alteration of sperm parameters (11, 14, 19–30);
three papers (already included in the previous group) focused on
March 2021 | Volume 12 | Article 643539
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the correlation between HPV semen infection in males,
development of anti-sperm antibodies and their impact on
male fertility (22, 25, 27) and seven papers (of which one
already included in the first group) focused on the HPV semen
infection in males and impairment of natural and assisted
fertility outcomes (29, 31–36).

HPV Semen Infection and Sperm Parameters
Because HPV infection is usually considered to be transient in
males and without detrimental clinical consequences, its
presence in semen has not been adequately investigated in the
past. However, recently, an increasing number of studies have
suggested the possible role of HPV in male infertility. In fact,
several authors have confirmed the presence of the virus in the
seminal fluid of men suffering from idiopathic infertility (15, 28,
37, 38). This data, combined with the higher prevalence of sperm
HPV-infection in infertile subjects compared to general
population (10%–35.7% vs. 2%–31%) (39) suggested that HPV
may an important role in the impairment of sperm quality and,
consequently, of male fertility.

Table 1 reports the main studies which investigated the
consequences of HPV seminal infections towards sperm
quality seminal parameters and, consequently sperm quality.
Among the 14 included studies reported, five reported a
relation between HPV seminal infection and a reduced sperm
motility (11, 14, 22, 24, 27). In addition, Piroozmand showed also
a significant reduction of the sperm count. Boeri et al.,
documented an increased Sperm DNA fragmentation index
when semen infections involved high-risk HPV genotypes (19)
while Yang et al., reported that HPV seminal infection may cause
an alteration of sperm normal morphology (30). In 2017, Damke
et al. observed a correlation between HPV seminal infection and
Frontiers in Endocrinology | www.frontiersin.org 372
prostatic function, in terms reduced volume and increased pH
and viscosity (20), while Rintala et al. demonstrated a seminal pH
alteration in male patients with high-risk HPV seminal infection
(28). Ultimately, Moghimi et al., observed a significantly higher
prevalence of high-risk HPV in infertile men, compared to
fertiles, associated with an impairment of sperm morphology
and motility (26). Only four out of the 14 studies did not report
any significant relationship between HPV seminal infection and
sperm parameters (21, 23, 25, 29).

HPV Semen Infection and Anti-Sperm
Antibodies
In addition to the possible impairment of sperm parameters,
different kind of semen infections have been associated with the
development of anti-sperm antibodies (ASAs). Also HPV semen
infection, has been recognized as a risk factor for the ASAs (40,
41). In fact, the prevalence of ASAs seems to be higher in infected
infertile patients compared to non-infected infertiles and general
population. Moreover, in infected infertile subjects, presence of
antibodies is associated with a further reduction of sperm
motility (42). Although the role of ASAs is controversial in
reproduction, various mechanisms have been proposed as to how
they affect male fertility, including sperm agglutination, impaired
cervical mucus penetration, complement-mediated sperm injury
through the female genital tract and interference with sperm-egg
interaction (43). Different authors evaluated the role of HPV as
an antigenic stimulus for the development of ASAs.

Table 2 reports the main studies which investigated the
relationship between HPV seminal infection, the development
of ASAs and their implication in the worsening of fertility. In the
study by Garolla et al., the authors studied the association
between HPV infection and ASAs and their clearance time
FIGURE 1 | Preffered Reporting Items for Systematic Reviews and Meta Analyses (PRISMA) flow diagram of the review study on literature analysis for HPV semen
infection and sperm parameters, ASAs development and reproductive outcome. Some of the studies evaluated more than a topic. HPV, Human Papillomavirus;
ASAs, antisperm antibodies.
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semen samples from infected and non-infected infertile subjects.
They pointed out that more than 40% of HPV infected infertile
patients had ASAs on the sperm surface. In contrast, this
condition was significantly lower in non-infected infertile men
and in fertile control subjects. Moreover, infected patients had a
higher mean percentage of ASAs compared with non-infected
ones. These findings suggested that sperm autoimmunity could
probably be HPV-dependent. In order to confirm this finding,
they documented the presence of both viral proteins and
immunoglobulins in the same sperm cells of samples with
positive sperm-mixed antiglobulin reaction (Mar) test results.
Notably, when immunofluorescence for HPV 16-L1 was present
on the sperm surface, they observed co-staining for IgA and IgG.
This observation, according to the authors, suggested that semen
infection could represent a new clinical condition associated with
the presence of ASAs. Finally, they also reported that, in infected
males, a significant viral clearance (approximately 85.3%) was
obtained after 24 months of follow-up. Interestingly, the
reduction in sperm infection paralleled the disappearance of
ASAs and was significantly related to a progressive improvement
of sperm motility (22). Likewise, Piroozmand et al. demonstrated
that, compared with non-infected ones, patients with HPV
semen infection had a higher rate of ASAs and a worse sperm
quality, suggesting that young infertile couples should be tested
for HPV and ASAs along with other causes of infertility (27). On
the contrary, Luttmer et al. stated that the presence of HPV in
semen was not associated with impaired semen parameters and
presence of sperm ASAs (25).
HPV Semen Infection
and Reproductive Outcomes
Due to its ability to affect seminal parameters and to induce
ASAs development, HPV semen infection seems to be a
significant risk factor for male infertility. In this regard, many
original studies, reviews and meta-analyses reported that HPV
semen infection is related to reduced fertility both in natural
and assisted conceptions. However, the exact mechanisms
responsible for this condition have been never definitely
assessed (16, 19, 31, 33, 39, 44, 45).

Table 3 reports the main studies which investigated howHPV
seminal infection in males may impair reproductive outcome in
natural and/or assisted fertility. Depuydt et al., studying the HPV
infection in semen samples (samples of sperm donors used for
assisted reproductive techniques) coming from three different
cryo-banks, observed that no pregnancies were obtained when
using HPV-infected semen samples coming from sperm donors
(31). The following year, in the context of the intra-uterine
insemination technique (IUI), the detection of HPV virions in
sperm from partners was associated with a negative IUI outcome
(32). On this basis, they suggested to introduce in the counselling
of infertile couples the examination of HPV in semen. In Italy,
Garolla et al., reported that the presence of HPV in seminal fluid
was associated with a reduction of both natural and assisted
cumulative pregnancy rate and an increase in miscarriage
rate (33). In another study, the same group reported that
the administration of HPV quadrivalent vaccine Gardasil
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(Merck Serono S.p.A., Milan, Italy) as an adjuvant tool to
counteract seminal infection was associated with enhanced
clearance of HPV from semen and, in parallel, with an
increased rate of natural pregnancies and live births in
idiopathic infertile couples (34). Even Perino et al. observed a
significant correlation between pregnancy rate and seminal HPV
DNA in males of infertile couples compared to HPV- negative
(66.7% vs. 15%) (35). On the contrary, neither Tanaka et al., nor
Tangal et al. reported any significant correlation between HPV
semen infection and adverse natural or assisted fertility outcomes
(29, 36). However, their results can be explained as follows: the
first study evaluated only HPV 16 infection, while all HPV types
seems to have a role in infertility; the second, did not test the
presence of HPV in the day of failed Intra-cytoplasmic sperm
injection (ICSI) procedure, but only in a following moment.

Effect of HPV Semen Infection on Embryo-
Development (In-Vitro Studies)
Many in-vitro studies have shown a negative influence of HPV
infection upon several aspects of human fertility. For example,
Gomez et al., in 2008, reported that HPV transfected blastocyst
and trophoblastic cells were affected by a reduction in decidua
invasion capacity, potentially responsible for a failure of
maternal uterine wall invasion by trophoblastic cell,
subsequent placental dysfunction and adverse pregnancy
outcome (46). Furthermore, several experimental studies have
demonstrated the role of HPV in causing pregnancy loss by
transmission of viral genes to oocytes and determining DNA
fragmentation and apoptosis of embryonic cells (47, 48).
However, there is little evidence regarding the possibility that
HPV infected sperm are able to interfere with embryo
development when injected into the oocyte cytoplasm (such as
during the procedure of in-vitro fertilization). To better
understand this process, Foresta et al. performed an in-vitro
study evaluating the ability of the virus- infected sperm to
transfer HPV DNA and capsid proteins to oocyte during
fertilization. After transfecting a human sperm with a
plasmidic episome containing HPV E6 and E7 proteins, they
used the hamster egg-human sperm penetration test to show the
ability of infected sperm to transfer the capsid protein L1 to
oocyte and the expression of E6 and E7 viral protein in the
fertilized oocyte (13). Their findings demonstrated that both
spermatozoa transfected with E6 and E7 genes and exposed to
HPV L1 capsid protein were able to penetrate the oocyte. These
laboratory data, combined with the observation that HPV DNA
Frontiers in Endocrinology | www.frontiersin.org 574
is found in a larger proportion of abortions rather than voluntary
termination of pregnancy (35), may suggest an active role for
HPV (which is carried to the egg by the spermatozoa) in the
etiology of premature term gestation. This phenomenon could
lead to an increase in the fragmentation of embryonic DNA
resulting in alteration and apoptosis of the embryo (13). It should
be remembered, however, that the situations described above
refer to in vitro models that may not reflect the in vivo situation,
where the entry of viral DNA into the egg has never been proven
(22). In fact, the actual state of literature is insufficient to draw
definite conclusion regarding the effect of HPV infection on the
most important reproductive outcomes following natural and
assisted fertility in women.
POSSIBLE CLINICAL MANAGEMENT OF
INFERTILE INFECTED PATIENTS

It is well known that HPV infections frequently affect individuals
for a long time and it has been suggested that certain anatomic
sites could act as viral reservoirs able to sustain the persistence of
the infection (39, 49). Nowadays, there is a lack of an effective
and resolutive treatment for HPV infection and related
problems, including the consequences of HPV infection on
fertility. Therefore, it is mandatory, while waiting for the
development of effective prevention and therapy solutions, to
educate and counsel infected couples through the suggestion of
strategies able to counteract the infection, especially when they
are seeking fertility, both naturally and by assisted reproductive
technologies (ARTs). Firstly, it is important to educate and
provide careful counselling in couples where at least one of the
members is infected with HPV. A 2014 controlled study showed
the effectiveness of this strategy. Couples in which both partners
had HPV infection at genital site, were carefully counselled to
follow some strict advices aimed to clear the virus (like: hygiene
of both of their reproductive tract and their hand; using personal
underwear and personal towels only; avoiding oral and anal sex)
and monitored at 6, 12, 18, and 24 months. Counselled couples
had a significantly higher clearance rate and shorter time of viral
persistence, compared to non-counselled infected controls (50).
Furthermore, recent evidence has suggested that HPV
vaccination is a valid tool even in patients who have already
contracted the infection. In fact, it has been highlighted that
patients with HPV semen infection receiving vaccination, had a
faster rate of seroconversion and greater viral clearance,
TABLE 2 | Association between Human Papillomavirus (HPV) seminal infection and presence of anti-sperm antibodies.

First Author Country Study setting Kind of
infertility

Years of
infertility

Outcomes Conclusions

Garolla et al. (22) Italy Cross-sectional
clinical s.

I. I. 2 years HPV sperm infection, sperm
aneuploidies, and sperm ASAs.

Association with ASAs and long-
lasting persistence

Luttmer et al. (25) Netherlands Cross-sectional s. N. A. N. A. HPV sperm infection and presence of
sperm ASAs

No association with ASAs.

Piroozmand et al. (27) Iran Cross-sectional s. N.A. N. A. HPV sperm infection and presence of
sperm ASAs

Association with ASAs.
March 2
HPV, Human papillomavirus; ASAs, Anti-sperm antibodies; s, study; I. I., Idiopathic infertility; N.A., not applicable.
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identified as the percentage of HPV DNA detectable in seminal
fluid compared to infected patients who did not undergo
vaccination (51). In the specific context of HPV and fertility
outcome, a more recent study of 2018 analyzed 151 infertile
couples in which the male partner had HPV semen infection.
Among them, 79 males received the quadrivalent vaccination,
while 71 refused it and served as controls. In 1 year of follow-up,
an improvement of sperm parameters and natural fertility outcome
was recorded in vaccinated patients compared to controls. In
particular, vaccinated patients showed a higher viral clearance
that paralleled an improvement of sperm motility and a reduction
in the percentage of anti-sperm antibodies. Furthermore, couples
where the male partner received vaccination recorded higher
pregnancy and delivery rates and a lower miscarriage rate during
the follow-up (34). In addition to counselling and adjuvant
vaccination, different techniques of sperm selection
(centrifugation, discontinuous density gradient and direct Swim-
up) have been tested aimed to removeHPV from the sperm surface.
However, all techniques had very poor or even absent effect in the
complete removal of the virus. Very recently, our group tested a
modified swim-up technique with the addiction of hyaluronidase
enzyme obtaining the complete elimination of HPV from infected
samples (52). The rationale of this treatment was to cleave the
binding of HPV to its putative ligand, Syndecan-I located on the
sperm surface (13). Compared to normal swim-up technique,
the modified swim-up with hyaluronidase was able to abolish
the binding between HPV and sperm in 100% cases of infected
sperm, confirmed by negative fluorescent in-situ hybridization
(FISH) for HPV, without any significant impairment of either
motility or DNA fragmentation in the spermatozoa.

On the basis of these evidences, we recommend testing for
HPV in the male partner of the infertile couples in the following
cases: male affected by unexplained couple infertility (not related
to known male or female factors), asthenozoospermia, presence
of ASA, positive medical history for HPV infection or evidence
of ongoing HPV-related diseases. Figure 2 describes the
management suggested for infertile men candidate to HPV
detection in semen. As a first line diagnosis, we suggest
performing HPV detection and genotyping on semen by
Polymerase-chain reaction (PCR) or by Inno-LiPA Genotyping
Extra assay as previously described (22, 53). In negative cases, the
role of HPV in male infertility can be excluded. In patients tested
positive, a FISH analysis for HPV should be performed to detect
the presence of HPV-DNA bound to sperm. In patients with a
negative FISH analysis, it is possible to search for fertility both
naturally or by ART. In patients showing the presence of HPV on
the spermatozoa, the management is different in cases of younger
or older couples since it should consider other clinical conditions
and include a recommendation not to delay the initiation of
infertility treatment. In younger couples, we suggest the
previously described counselling, adjuvant vaccination and a
new FISH analysis after 6 months of follow-up. If negative,
couples may undergo through natural or assisted fertility
seeking. If still positive, couples have to be redirected towards
the same route or counselled to change strategy. In the latter case
and in older couples we suggest performing ARTs through a
T
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modified technique of sperm selection by a modified swim-up
with hyaluronidase to blunt virions attached to sperm.
CONCLUSIONS

From the above reported literature, we can conclude that HPV
semen infection can impair sperm quality and induce ASAs
development, thus reducing couple fertility, particularly when
viral DNA is present on the sperm surface. The impact of HPV
genital tract infection in females is less clear, however the
presence of the virus in embryos has been related to reduced
pregnancy rate and increased abortion rate.

In the present systematic review, we summarize the state of
the art on the link between HPV infection and couple infertility
and suggest a flow-chart for the management and counselling of
infertile couples in whom the male partner has HPV semen
infection. The aim of this clinical management is to ensure the
best reproductive outcome, both natural and through ARTs,
particularly in those men without any other factor explaining
infertility other than the presence of HPV. In the light of the
large body of literature showing that HPV semen infection has a
negative impact on reproductive outcome, we are strongly
convinced that the time has come to follow this path. Further
studies are required in order to demonstrate that the described
Frontiers in Endocrinology | www.frontiersin.org 776
strategy and, in particular, the clearance of HPV from semen is
able to improve the delivery rate of infertile couples unable to
conceive either naturally or via assisted reproduction.
STRENGTH AND LIMITATIONS

The present review comprehensively summarizes, in a systematic
way, the results of studies analyzing the correlation between
HPV semen infection and male idiopathic infertility and
provides the state of the art on the diagnostic and therapeutic
strategies available in infertile couples aimed to improve the
reproductive outcome. The main limitation of this analysis is that
many of the studies, included in this review, did not consider
important factors such as infertility duration and age of the
female partner. Moreover, not all the studies clearly ruled out all
known causes of infertility.
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Objective: To investigate if epigenomeofspermcellscouldbedynamicallyaffectedbynutrition.

Design and Methods: We assessed 40 healthy volunteers with different dietary habits
and collected their demographic characteristics, as well as clinical and anthropometric
parameters. We compared methylation profiles in sperm quantified by bisulfite
pyrosequencing, at promoter-associated CpG sites of genes involved in metabolism
including fat mass and obesity-associated (FTO) and melanocortin-4 receptor (MC4R)
from six vegans and 34 omnivores. In addition, the FTO rs9939609 (T>A) was genotyped.

Results: Higher DNA methylation levels were detected in the sperm of vegan at FTO gene
CpG1 (p=0.02), CpG2 (p=0.001), CpG3 (p=0.004), and CpG4 (p=0.003) sites and at
MC4R-CpG2 site [p=0.016] as compared to sperm of omnivores. This association was
not related to FTO genotype.

Conclusions: Although limited by the small number of investigated cases, our data provide
insight into the role of diet on sperm DNA methylation in genes involved in metabolism.

Keywords: sperm, vegan, epigenetic, reproduction, nutrition
INTRODUCTION

Epigenetic modifications, including DNA methylation, histone marks and small non-coding RNAs,
are stable and mitotically heritable changes that modulate normal and disease-related phenotypic
differences. Among environmental factors able to induce epigenetic modifications, a key role is
played by diet. Dietary habits can result in epigenetic modifications by acting directly on metabolism
genes to up- or downregulate pathways involved in the bioavailability of nutrients (1). In addition, it
has been also suggested that nutrition induced epigenetic modifications of gene expression can
influence metabolism and susceptibility to non-communicable diseases (NCDs) (2–4).
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To date, growing evidence suggests that the sperm epigenome
can be dynamically affected by lifestyle (nutrient supply, physical
exercise, alcohol and tobacco consumption) influencing not only
male individual health status, but also his reproductive fitness
and even the future offspring’s health (5–9). Several studies have
demonstrated that the spermatozoa from obese humans as well
as from rats exposed to different models of diet, such as high-fat
or low-protein diet, show an altered epigenetic signature, raising
the question of a possible epigenetic inheritance of metabolic
dysfunction (8, 10). Therefore, the possible role of diet in
improving the quality of human sperm is becoming widely
explored in the context of male infertility focusing on sperm
epigenetic modifications (11).

Unlike omnivore diet, defined as a diet consuming all types of
foods, the vegan diet is characterized by total exclusion of any
animal derived substance, being thus very rich in fibres, but poor
in proteins and fats (12). To date, this kind of diet is increasingly
widespread in western societies, but its prevalence remains low
(13). Although few studies described vegan diet as healthy, no
conclusive data have been obtained yet (14–16), and vegan diet
often requires supplementation of additional nutrients, at least
during pregnancy (17).

To the best of our knowledge, the association between vegan
diet and sperm DNA methylation patterns in human has not
been investigated yet. In order to fill this gap, therefore, in the
present study we investigated the effects of vegan diet as
compared to omnivore diet on DNA methylation profiles in
sperm at promoter-associated CpG sites of genes involved in
metabolism, namely fat mass and obesity-associated (FTO) and
melanocortin-4 receptor (MC4R).

FTO gene encodes for an AlkB-like 2-oxoglutarate-dependent
nucleic acid demethylase, a potential regulator of RNA
modification. It is highly expressed in the hypothalamus, visceral
fat and liver but its function remains undefined. Recent studies
reported that FTO seems to influence the Iroquois homeobox 3
(IRX3) expression with effects on body weight (18).

MC4R protein is a membrane-bound G-protein-coupled
receptor found in brain regions, including the paraventricular
nucleus in the hypothalamus (19) and common genetic variations
near MC4R are involved in food intake by participating in appetite
control and energy balance regulation (20–26).

Polymorphisms in these genes have been associated with
body weight and composition, obesity, Type 2 Diabetes
Mellitus (T2DM) and eating behavior (27–37).

The aim of this study is to evaluate the effect of vegan diet on
sperm DNA methylation as a model to understanding the
epigenetic effect of nutrition on male gametes and provide
information for possible diet-based therapeutic strategies for
improve male reproductive fitness.
MATERIALS AND METHODS

Study Participants
This is a multicentric study involving the Unit of Andrology and
Reproductive Medicine of the Department of Medicine of the
University of Padua (Italy), the Laboratory of Molecular
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Genetics, School of Medicine and Health Sciences, “G.
D’Annunzio” University of Chieti (Italy), the Center for
Diagnosis and Cure of Couple infertility, University of Siena
(Italy) and the Spatocco Clinic, Chieti (Italy). Forty healthy
subjects with different dietary habits were recruited. In
particular, six cases have been following a vegan diet for at
least 2 years, and the remaining 34 an omnivore diet. Exclusion
criteria were obstructive azoospermia and known causes of
infertility (previous or concomitant testicular cancer, orchitis,
testicular torsion and trauma, use of gonadotoxic drugs,
oncological diseases, karyotype anomalies, Y chromosome long
arm microdeletions, mutations in the androgen receptor
and varicocele).

The study of sperm DNA methylation was conducted at the
Laboratory of Molecular Genetics, School of Medicine and
Health Sciences, “G. D’Annunzio” University of Chieti, Italy.

Patients
During the visit, data on demographic characteristics,
anthropometric, and clinical parameters were collected. In
addition, smoking habits and supplement intake were reported.
Finally, physical activity (PA) was assessed registering the
different levels of intensity (low, moderate, and high PA). All
subjects underwent semen donation by masturbation into sterile
containers after 2–5 days of sexual abstinence. Samples were
allowed to liquefy for 30 min and were examined for sperm
count, viability, motility and morphology according to the WHO
criteria (38).

Sperm were isolated by using Percoll gradient centrifugation.
After decondensation with proteinase K for total of 4 h DNA was
extracted using the QIAamp® DNA Mini Kit according to
manufacturer’s recommendations.

The study was approved by the Ethics Committee of the
University of Padua, Italy (protocol number #2208). In
accordance with the Declaration of Helsinki, all participants
gave their written informed consent prior to their inclusion in
the study.

DNA Methylation Analysis
The promoter associated CpG sites were tested in FTO gene
(16q12.2, 4 CpGs sites),MC4R gene (18q21.32, 2 CpGs sites) and
the imprinted gene H19 (11p15.5, 5 CpGs sites). FTO andMC4R
genes were selected due to their correlation with obesity,
metabolism and appetite control. H19 gene was included as a
control, being maternally expressed only and thus expected to
show a full methylation in male gametes. After bisulfite
treatment, DNA (~20 ng) was amplified by PCR using the
Kapa Hifi Hotstart Uracil+ HotStart Ready mix (Roche
Diagnostics), according to manufacturer’s recommendations.

Once NaBis-DNA amplified, the pyrosequencing was carried
out using the PyroMark Q96 MD pyrosequencing instrument
(Qiagen) with PCR and sequencing primers for the region of
interest in the FTO and MC4R genes selected according to
previous studies (39). In addition, PCR and sequencing
primers for analysis of the H19 CpGs were designed with
PyroMark Assay Design (version 2.0.1.15; Qiagen). Primers
information for these genes can be found in Table 1.
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Genotyping
The rs9939609 (T>A) SNP in FTO was genotyped in twenty-five
subjects by PCR amplification (95°C for 10 min, followed by 35
cycles of 95°C for 30 s, 60°C for 30 s, 72°C for 30 s and a final
extension at 72°C for 10 min) and direct sequencing procedure
using BigDye Term v3.1 CycleSeq Kit (Life Technologies, Monza,
Italy) followed by automatic sequencing analysis.

Statistical Analysis
The subjects were stratified according to dietary habits and
differences between the two groups were tested by the Mann-
Whitney U for continuous variables or the Chi-square test for
categorical variables. Shapiro-Wilk test showed a non-normal
distribution of methylation levels. Thus, non-parametric analysis
was conducted.

Moreover, to test the effect of genotypes on body mass index
(BMI) as well as the effect of genotypes on methylation levels, a
Nonparametric Kruskal-Wallis test was performed.

The quantitative variables were summarized as means and
standard deviation (SD). Qualitative variables were summarized as
percentage.All testswere 2-sided, and a level of statistical significance
was set at p < 0.05.All analyseswere performedwith SPSS version 20.
RESULTS

The demographic and clinical characteristics of study
participants are summarised in Table 2. No difference was
Frontiers in Endocrinology | www.frontiersin.org 381
present in mean age and in BMI between vegan and
omnivorous men.

The vegans reported no assumption of any type of dietary
supplement. In addition, no significant difference was reported in
physical activity and smoking between the subjects in the two
groups. Sperm count parameters showed no significant
difference in the two groups. All subjects had a normal sperm
count, except one subject in the omnivore group and one in the
vegan group who had mild oligozoospermia (<15 million/ml)
and severe oligozoospermia (<5 million/ml), respectively.

Methylation profiles of sperm DNA from all men recruited
are reported in Table 3. Vegan subjects showed higher sperm
DNA methylation levels as compared to omnivorous men at
FTO gene CpG1 (p=0.02), CpG2 (p=0.001), CpG3 (p=0.004),
and CpG4 (p=0.003) sites. In addition, the mean DNA
methylation percentages for the overall CpGs at FTO gene in
sperm of vegan men were higher than in sperm of omnivorous
men (p=0.001).

DNA methylation levels at MC4R-CpG1 site were not
significantly different between vegan and omnivorous men,
whereas DNA methylation levels at MC4R-CpG2 site were
significantly different between the two groups (p=0.016). On
the other hand, all the analyzed CpG sites of the H19 gene were
close to 100% of methylation in all the samples, consistently with
their maternal imprinting. However, DNA methylation levels at
H19 gene CpG sites were slightly lower in sperm DNA of
omnivores than in vegan men, although only CpG3 value did
reach significance (p=0.007).
TABLE 1 | Primers for bisulfite PCR and pyrosequencing.

Gene Primers Product size
(pb)

Number of CpGs
analyzed

FTO F: TTTGGAGTTATTTTTTTTTTGAGTAGAAAR: [Btn]ATTCTCCTTAAACTCTAACCTATTTACTS:
TTTTAGGTTAGATAGTTGGAAGA

168 4

MC4R F: AGGGTGATATAGATTTAGATGTAGAAGTR: [Btn]AAACAATATACTTTCCATTTCATTTTACACS:
GTAGAAGTTTTTGAAGTTTG

220 2

H19 F: GGTTTTGGAGGTTAGTGTTTTR: [Btn]CTCAACCCCTAAAACTAACTTAACAS: TTGTATTATTTTTTTTTTTGAGAGT 322 5
Ma
rch 2021 | Volume
TABLE 2 | Demographic and clinical characteristics of healthy vegans and omnivore.

Characteristics omnivorous men (n=34) Vegan (n=6) p-value*

Age (yr)a 35.5 ± 7.07 36.3 ± 7.58 0.86
BMI (kg/m2)a 24.5 ± 2.47 25.7 ± 2.8 0.19
Smokingb 0.34
No 63.0 83.3
Yes 37.0 16.7
Physical activityb 0.63
Low 51.9 66.7
Moderate 37.0 16.7
High 11.1 16.7
Sperm concentrationa (106/ml) 79.7 ± 56.9 44.3 ± 21.2 0.14
Progressive Sperm motilityb 57.2 ± 11.6 46.4 ± 22.4 0.29
Total Sperm motilityb 59.2 ± 11.8 59 ± 23.7 0.60
Sperm morphology (normal forms)b 9 ± 3.3 10.2 ± 4.9 0.64
12 | Articl
*Mann–Whitney U Test or Chi-square test.
aData are presented as means ± SD.
bData are presented as percent (%).
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No significant association was found for FTO genotype
neither with BMI (Supplementary Table 1) nor with DNA
methylation levels at FTO gene (Supplementary Table 2).
DISCUSSION

The epigenetics of human sperm currently represents a very
promising field of investigation in relation to the growing
evidence of the role played by epigenetic alterations in male
infertility. Very recently, the presence of sperm epigenomic
alterations has been used as a biomarker of the success rate of
ART protocols, since patients with specific pattern of sperm
DNA methylation are characterized by a poor outcome of these
protocols (40). Given the reversible nature of epigenetic
modifications, males with aberrant sperm DNA methylation
can be considered as excellent candidates to investigate
treatments aimed to induce a reversibility of epigenetic
alterations. It has been suggested that personalized nutrition
could prevent or reverse the detrimental epigenetic modifications
induced by unhealthy lifestyles. Since the spermatogenesis
process is completed in a few weeks, it could be suggested that
a few months period of personal lifestyle care could restore a
physiological epigenetic mark of the sperm (10, 41). In this view,
a crucial point is represented by the knowledge of the specific
effect of different diets on the epigenetic pattern of human sperm.

Despite the exact relationship between diet and the
epigenome remains unclear, several studies reported an
association between epigenetic modifications and dietary
depletion or supplementation (1, 42–48).

Recent study suggests substantial differences in methylation
of CpG sites and genes, particularly in regulatory regions,
between vegans and non-vegetarians, laying the foundation for
the identification of transcriptional alterations associated with
diet-influenced methylation patterns (49). In addition, genome-
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wide methylation analysis in the DNA of blood cells showed
epigenetic differences in methylation in vegans versus
pescatarians and in vegans versus nonvegetarians. In
particular, the authors found that vegans had a higher
methylation in the majority of the differentially methylated
sites, with DNA hypomethylation occurring in only 4% of all
DM probes in the nonvegetarian comparison; this value was 33%
for the pescatarian comparison (50).

Moreover, it has been demonstrated that the sperm
epigenome may be responsive to dietary factors (41, 51). In
this view, we investigated for the first time, to the best of our
knowledge, DNA methylation profiles of metabolism-related
genes and their associations with vegan diet in sperm of
healthy subjects. Our results showed that a vegan diet was
associated with higher sperm DNA methylation at the FTO
and MC4R genes.

These findings seem to confirm that a specific diet can induce
epigenetic modifications in human sperm. The mechanism
underlying this process and the possible consequences must be
analyzed in deta i l . A possible explanat ion is that
hypermethylation of FTO and MC4R genes is the result of the
increased number of dietary methyl donors available in vegan
diet. In fact, nutrients include molecules that constitute DNA
and histone methylation, such as methylfolate, choline, betaine,
methionine, vitamins B12, B6, and B2 (52). Several studies
showed the critical nutrients occurrence for each dietary
regime (53–56). In particular, on the micronutrient level, one
study carried out on the largest sample of vegan dieters
worldwide reported that the men following a vegan diet have
lower intake of saturated fatty acids (SFA), retinol, vitamin B12
and D, calcium, zinc than omnivorous diet. On the other hand,
higher levels of magnesium, iron, folic acid, vitamin B1, C, and a
higher intake of dietary fiber have been shown in vegan
compared to omnivore dieters (57). The risk of nutrient
deficiencies for specific micronutrients is the major criticism of
plant-based diets. In fact, 4% of vegans are more likely to need
supplements and food fortified compared to omnivores (13).
Noteworthy, in the present study the vegans reported no kind of
dietary supplement. Our findings suggest that the possible
imbalances in the metabolism of the methyl nutrients such as
vitamins (folate, riboflavin, vitamin B6, choline) and amino acids
(methionine, cysteine, serine, glycine) could potentially
modulate hypo- or hyper- methylation of DNA. An interesting
point is the comparison between our results and those reported
in the literature on obese subjects. In fact, it has been described
that FTO and MC4R genes show different levels on DNA
methylation in obese as compared to lean subjects (41).
However, these authors analyzed different CpG islands in these
genes and results of the different islands were not consistent.
Nevertheless, these results confirm that FTO and MC4R
methylation in human sperm can be affected by individual
lifestyle. In our study, surprisingly, the vegans had a higher
BMI than omnivores, although not statistically significant. This
is in contrast with previous studies reporting lower BMI as
compared to omnivores whose diet included more proteins
and less fibres (58, 59).
TABLE 3 | Methylation profiles in sperm from vegans and omnivore.

CpG Sites omnivorous men (n=34) Vegan (n=6) p-value*

FTO gene
CpG1% 1.44 ± 1.11 2.83 ± 1.33 0.024
CpG2% 2.53 ± 2.11 7.0 ± 2.28 0.001
CpG3% 3.65 ± 2.45 7.83 ± 4.75 0.004
CpG4% 0.85 ± 1.02 2.33 ± 0.82 0.003
Mean all CpG sites % 2.06 ± 1.48 5.0 ± 2.19 0.001

MC4R gene
CPG1% 4.12 ± 1.53 4.17 ± 1.17 0.80
CpG2% 7.0 ± 2.26 10.17 ± 3.31 0.016
Mean all CpG sites % 5.65 ± 1.76 7.0 ± 2.28 0.17
H19 gene
CpG1% 91.5 ± 2.63 90.5 ± 1.38 0.23
CpG2% 94.41 ± 2.66 96.33 ± 3.14 0.17
CpG3% 92.26 ± 2.38 95.17 ± 1.60 0.007
CpG4% 92.38 ± 3.95 95.33 ± 4.08 0.11
CpG5% 98.32 ± 2.52 100 ± 0 0.05
Mean all CpG sites % 93.74 ± 2.06 95.33 ± 1.86 0.12
*Mann–Whitney U Test.
Data are presented as means ± SD.
Statistically significant values are in bold.
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Given the potential role of genotype of FTO on gene
expression (6, 60), we analyzed the effect of genotypes on
methylation levels. No significant association was found
between genetic variant and DNA methylation levels at FTO
gene. To note, rs9939609 was not evaluated in the studies of
Doaei et al. (60, 61), which pointed to another FTO SNP.

This study has some limitations. First of all, the cross-
sectional study design. Secondly, the main limit of the study is
the small sample size. In the last years, the number of subjects
who began to adopt a vegan dietary pattern has increased, but
still limited to a minority. To confirm these data, an increase in
the number of subjects enrolled and the representation of
different dietary groups are needed. The literature on the
effects of diet on epigenetic alterations in sperm is limited as
studies in this field are hardly available, largely due to difficulties
implied by the collection of samples. The possible role of a diet in
improving the quality of human sperm is underexplored in the
context of sperm epigenetic modifications. As matter of fact, the
connection between a vegan diet and sperm DNA methylation
patterns in human is widely unknown and needs further insight.

Thirdly, the assessment of diet was occurred by self-report.
Fourthly, the examined genes do not play a role in sperm
development and function.

A strength of this study is that, to our knowledge, this is the
first attempt to evaluate the effects of vegan diet on DNA
methylation level at genes involved in metabolism in sperm.

Interestingly, Soubry introduced the Paternal Origins of
Health and Disease (POHaD) paradigm emphasizing the
paternal transgenerational epigenetic inheritance of metabolic
disorders (62). Therefore, the epigenetic modifications of
spermatozoa can be transmitted to the offspring and
subsequent generations, thus influencing their lifetime health.
In this regard, it has been demonstrated that obesity is a factor
able to induce reversible sperm epigenetic modifications (8),
providing insight into a possible role of specific diets in
improving the human sperm quality. In accordance with these
observations, we suggest that genes related to metabolism could
be susceptible to germ cell epigenetic modulation in response to
nutritional status and diet. A greater understanding of epigenetic
Frontiers in Endocrinology | www.frontiersin.org 583
pattern as modifiable component in the periconceptional period
may provide new findings and propose a novel conceptualization
of susceptibility to metabolic disturbances. This domain of
research is solid, but the knowledge of the underlying
mechanism is currently still lacking.
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Endocrinology, Department of Clinical and Experimental Medicine, University of Catania, Catania, Italy

The prevalence of idiopathic oligozoospermia has been esteemed as high as 75%. An
Italian survey has reported bilateral testicular hypotrophy in 14% of final-year high school
students. The search for determinants of testicular growth in childhood is important for the
primary prevention of spermatogenic failure. Therefore, this retrospective study aimed to
evaluate the testicular growth and pubertal onset in deficient children treated recombinant
human growth hormone (rhGH). To accomplish this, the clinical charts of 93 patients with
GH deficiency (GHD) were carefully reviewed. Their mean age at the time of diagnosis was
11.2 ± 2.4 years. rhGH was administered for 44.0 ± 22.4 months, and the onset of
puberty was recorded after a mean of 25.8 ± 22.4 months from the first rhGH
administration. As expected, serum insulin-like growth factor 1 (IGF1) levels increased
significantly after treatment. Before rhGH therapy, the Tanner stage was I in 59 out of 70
boys (84.3%), II in 8/70 (11.4%), III in 3/70 (4.3%). No one was on stage IV or V. The mean
Tanner stage was 1.19 ± 0.51. At the last visit, the Tanner stage was I in 8/72 boys
(11.1%), II in 6/72 (8.3%), III in 6/72 (8.3%), IV in 16/72 (22.2%), and V in 36/72 (50.0%).
After a mean of 44.0 ± 22.4 months of rhGH treatment, the mean Tanner stage was 4.05 ±
1.30. Patients treated with rhGH showed a significant testicular volume (TV) growth over
time, whereas no growth was observed in age-matched but not yet treated patients, even
when the age was compatible with a spontaneous start of puberty. The multivariate
regression analysis showed that the duration of treatment and the mean rhGH dose
significantly predicted the percentage of TV increase. In contrast, age, serum FSH, and
IGF1 levels, and final rhGH dose did not impact TV growth over time. In conclusion, these
findings suggest that GH may play a role in testicular growth and pubertal onset, despite
the descriptive nature of this study. Further properly designed studies are needed to
confirm these findings. This knowledge may be useful to implement the diagnostic-
therapeutic algorithm in case of a lack of testicular growth in childhood.
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INTRODUCTION

Male infertility represents an increasingly emergent issue in
Western countries, since it affects ~7% of the male population
(1). However, despite a through diagnostic work-up (including
genetic testing), its etiology remains elusive in the vast majority
of the cases (2). A longitudinal single center study carried out in
1737 patients with oligozoospermia esteemed the rate of
idiopathy as high as 75% (3). Meta-regression data on secular
trends of sperm parameters worryingly show that sperm
concentration and total sperm count halved in the last forty
years. The amount of the annual decrease of total sperm count
was 1.6%, overall corresponding to a decline of 59.3% (4). These
evidences push toward the urgent need of searching for the
causes of apparently idiopathic male infertility.

In recent years, the knowledge on testicular physiology has
increased (see 5–7 for review). The Sertoli cells (SCs), the main
components of the prepubertal testis, are “nurse cells”, as they
release factors enhancing spermatogenesis in the adulthood.
Also, SCs constitute the blood-testicular-barrier with the tight-
junctions between them, which makes the testicular tubules
immunologically silent, so that germ cells are protected by the
attack of the immune system. SCs secrete androgen binding
protein and anti-Müllerian hormone (AMH), needed for
Müllerian ducts regression. Before puberty, SCs are in an
immature state during which they actively proliferate and
secrete AMH. When puberty starts, SCs switch from an
immature to a mature state and lose the ability to mitotically
divide. In this phase, they start to release inhibin B and the
secretion of AMH declines (5–7).

Every SC provides the niche for the male germline and is able
to support the proliferation and differentiation of a definite
number of spermatogonia (8, 9). Thus, factors that impact on
SC proliferation can likely influence fertility and sperm output in
the adulthood. Therefore, at least some of the cases of apparently
idiopathic oligozoospermia may be addressed to an abnormal
proliferation of SCs in childhood, which entails low testicular
volume (TV) in the adulthood. Accordingly, a low TV is
associated with low sperm concentration and total sperm
count (10). An Italian survey carried out in 3816 final-year
high school students found bilateral testicular hypotrophy in
up to 14% of cases (11). Hence, to find the factors involved in
pre- and peri-pubertal testicular growth and SC proliferation
may reasonably be of relevance for the fertility of the
tomorrow’s fathers.

Our in vitro experience on a model of porcine neonatal SCs
suggests that insulin-like growth factor 1 (IGF1) promotes SC
proliferation (12). In particular, incubation with IGF1 but not
with growth hormone (GH), nor (surprisingly) with follicle-
stimulating hormone (FSH), stimulates the proliferation of
cultured SCs (12). Despite other data on the experimental
animal support the relevance of IGF1 on testicular
development and growth (13), the possible implication(s) of
this knowledge in the clinical practice is unknown. In particular,
the impact of IGF 1 serum levels on testicular growth in
childhood has not been fully acknowledged yet. This
Frontiers in Endocrinology | www.frontiersin.org 287
information could be useful to implement the diagnostic-
therapeutic algorithm in case of evidence of poor testicular
volumetric growth in childhood.

GH deficiency (GHD) represent a useful clinical model which
provides information on the in-vivo consequences of the lack of
IGF1 and recombinant human GH (rhGH) replacement therapy
on testicular growth and pubertal onset in a predefined window
of life. Thus, this retrospective study aimed to evaluate the role of
GH treatment on testicular growth and pubertal onset in a
cohort of GHD children.
PATIENTS AND METHODS

Study Population
This is a retrospective study performed on male GHD children
who were diagnosed and followed-up at the Unit of Pediatric
Endocrinology, University of Catania (Catania, Italy), from
May 2002 to December 2019. Specifically, all children referred
for short stature [-2 SDS according to the Italian population-
based reference (14)] underwent a complete medical evaluation,
including anamnesis, physical examination, blood testing
for measurements of complete blood count, fasting
glucose, creatinine, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), thyroid hormones, and insulin-like
growth factor 1 (IGF1). Screening for celiac disease was also
accomplished, by the measurement of serum total IgA,
transglutaminase IgA, gliadin IgA, and deamidated gliadin
IgA. In the case of negative values and no IgA deficiency, the
algorithm stopped. In case of IgA deficiency, transglutaminase
IgG, gliadin IgG, and deamidated gliadin IgG were measured.
Patients with positive values underwent duodenal biopsy for
diagnosis confirmation. In those with the suspicion of GHD,
plasma GH response to both arginine infusion and glucagon
was evaluated and the diagnosis was made when the GHmax

value at the two GH stimulation tests was <10 µg/l, as for the
GH Research Society consensus guidelines (15). All GHD
patients received rhGH treatment at a starting dose of 25
mg/kg/day. During follow-ups, dose adjustment was
performed within a range of 25–50 mg/kg/day, according to
guidelines (15) and in conformity with Note 39 of the Italian
Drug Agency (AIFA) (http://www.agenziafarmaco.gov.it/
content/nota-39).

Small for gestational age (SGA) patients, those with a head
injury, endocrine disorders (hypogonadism, hyperprolactinemia,
Cushing syndrome, and hypopituitarism), any form of tumor,
exposure to radio- and/or chemotherapy, abnormal FSH levels,
systemic diseases (kidney and/or liver diseases), and genetic
disorders were excluded.

Follow-Ups
Patients were followed-up every six months, as the guidelines
suggest (15), for auxological measurements and puberty staging.
IGF1 and testicular volume were evaluated at each follow-up
time. Luteinizing hormone (LH), FSH, total testosterone (TT),
April 2021 | Volume 12 | Article 619895
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and bone age were assessed less frequently when needed (e.g., for
monitoring pubertal onset or adverse effects).

Children were followed-up until they reached the near-adult
height, or until the end of the study. The treatment was
administered until the target height was achieved, independently
of the pubertal stage. Pubertal onset was defined for a TV >3ml by
Prader orchidometer. The assessment of puberty was
accomplished using the Tanner and Whitehouse staging method
(16). The duration of puberty was calculated as the time elapsing
between the first measurement of TV >3 ml and the age when the
maximum TV was achieved.

Hormonal Measurements
Hormone evaluation was performed in the central laboratory of
the University-Teaching Hospital Policlinico “G. Rodolico-San
Marco”, by electrochemiluminescence (ECLIA) (Hitachi-Roche
equipment, Cobas 6000, Roche Diagnostics, Indianapolis, IN,
USA). Blood was collected at the Pediatrics Endocrinology
outpatient clinic, in the morning.

Statistical Analysis
Results are reported as mean ± SD throughout the study.
Outcomes were classified according to rhGH administration.
The normality of data distribution was evaluated using the
Shapiro-Wilk test. Significant differences between mean TV,
gonadotropin, TT, and IGF1 in age-matched treated and still
untreated GHD patients were analyzed using the Student t-test
for independent samples or the Mann-Whitney U test, as
appropriate. Multivariate regression analysis was performed for
the TV change over time, that is the percentage of TV increase
during treatment. It was calculated as the ratio between the TV
value at the end of rhGH therapy and TV value before rhGH
therapy was started. The variables included in the model were:
the length of treatment (number of months during which
patients received rhGH therapy), mean IGF1, mean FSH
serum levels, calculated from the beginning of puberty to the
time when the full testicular development was reached, mean
rhGH dosage, final rhGH dosage, age at the end of treatment.
SPSS 22.0 for Windows (SPSS Inc., Chicago, USA) and
RealStatistics add-on for Excel were used for statistical analysis.
Frontiers in Endocrinology | www.frontiersin.org 388
The results were considered statistically significant when the
p-value was lower than 0.05.

Ethical Approval
This study was conducted at the Division of Endocrinology,
Metabolic Diseases and Nutrition of the University-Teaching
hospital “G. Rodolico-San Marco”, University of Catania
(Catania, Italy). The protocol was approved by the internal
Institutional Review Board, and informed written consent was
obtained from the parents of each participant after full
explanation of the purpose and nature of all procedures used.
The study has been conducted in accordance with the principles
expressed in the Declaration of Helsinki.
RESULTS

Medical records of 115 patients were initially evaluated and 93
GHD patients were ultimately included in this study. The
remaining 22 were excluded because they had craniofaringioma
(n = 3), neuropsychiatric disorder under treatment with
risperidone (n = 1), leukemia (n = 1), thalassemia major (n =
3), short-stature homeobox (SHOX) gene mutations (n = 2),
Nijhegen syndrome (n = 1), 1q32.2p43 chromosome deletion
(n = 1), Noonan syndrome (n = 1), renal failure (n = 1),
medulloblastoma (n = 2), multiple exostoses (n = 1), and
abnormalities at brain MRI (n = 2). Three patients with
incomplete medical records were also excluded.

At the time of GHD diagnosis, the patients’ mean age was
11.2 ± 2.4 years. The mean rhGH dose initially prescribed was
0.025 ± 0.003 mg/Kg daily; it was modulated at each follow-up
according to its efficacy and IGF1 levels. The mean rhGH dose
during therapy was 0.026 ± 0.003 mg/Kg daily. rhGH was
administered for a mean of 44.0 ± 22.4 months. At the end of
the study, patients showed an increase in height and BMI,
compared to baseline (Table 1). Similarly, the Tanner stage
was expectably higher at the end of the study (4.1 ± 1.3)
compared to baseline (1.2 ± 0.5), and the onset of puberty was
recorded after 25.8 ± 22.4 months from the firs t
rhGH administration.

The majority of the patients were pre-pubertal before rhGH
was prescribed. In particular, before rhGH therapy, the Tanner
stage was I in 59 out of 70 boys, II in 8/70, and III in 3/70. None
was on Tanner stage IV or V. At the last visit, the Tanner stage
was I in 8 out of 72 boys, II in 6/72, III in 6/72, IV in 16/72, and V
in 36/72 (Figure 1). Overall, at the end of the study, the
treatment was ongoing in 17 patients since they had not
already reached the target height. Among them, 10 had a
Tanner stage V, 2 a Tanner stage IV, 1 a Tanner stage III, 3 a
Tanner stage II, and 1 a Tanner stage I.

To appraise the effects of rhGH on the onset of puberty and
testicular growth, we evaluated mean IGF1 and TV values at each
follow-up visit during GH therapy, and these results were
compared with those of the age-matched patients who were
not on treatment yet. As showed in Figure 2, TV was
significantly higher in the treated GHD patients, compared to
TABLE 1 | Anthropometric and auxological characteristics of the 93 patients
with growth hormone (GH) deficiency included in this study at baseline [before
the start of recombinant human GH (rhGH) therapy] and at the end of the study.

Parameters Baseline End of the study

Age (years) 11.2 ± 2.4 15.4 ± 3.1
Dose of rhGH (mg/kg/daily) 0.024 ± 0.004 0.03 ± 0.01
Height (cm) 127.01 ± 14.88 158.36 ± 11.0
SDS of height -2.54 ± 0.78 -1.62 ± 0.79
Body mass index (BMI) (Kg/m2) 17.93 ± 5.32 20.15 ± 4.60
BMI standard deviation-score (SDS) -0.40 ± 1.50 -0.77 ± 1.68
Growth velocity (cm/year) 4.18 ± 1.20 5.03 ± 2.55
Growth velocity SDS -1.72 ± 1.66 2.13 ± 3.47
Tanner stage 1.19 ± 0.51 4.05 ± 1.30
Tanner stage was available for 70 patients at baseline and 72 patients at the end of
the study.
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the age-matched GHD patients who were not on treatment yet.
In the patients not already treated, who served as controls, the
TV volume remained pre-pubertal, even in those with an age
compatible with a spontaneous start of puberty (13-15 years).
Only an untreated 15.5 years old patient had a TV of 11 ml
(Figure 2 and Supplementary Table 1).

However, baseline TV values were available in 59 patients.
Among these, only 5 had a TV >3 ml, which corresponded to
11.4% (5/44) of the patients aged ≥10 years. All the other patients
had a TV ≤3 ml (Figure 3A). TV at the end of rhGH
administration was available in 60 patients, and a full testicular
development was reached in 70% of cases (Figure 3B). Among
patients with TV <12 ml at the last visit, 53.3% (8/15) withdrew
from therapy before the age of 16 years.

Expectably, treated patients showed significantly higher IGF1
levels compared to the age-matched not yet treated ones (Figure
4). No difference was found in serum LH, FSH, and TT
(Supplementary Table 2). These findings suggest the influence
of the GH-IGF1 system on TV growth over-time and the onset
of puberty.

To evaluate whether the increase in TV was influenced by the
duration of rhGH therapy, we built a multivariate regression
Frontiers in Endocrinology | www.frontiersin.org 489
model, including the length of treatment (number of months
during which patients received rhGH therapy), mean IGF1,
mean FSH serum levels, calculated from the beginning of
puberty to the time when the full testicular development was
reached, mean rhGH dosage, final rhGH dosage, and age at the
end of treatment. The stepwise procedure showed that the
duration of treatment and the mean dose were the only two
variables that significantly influenced the percentage of TV
increase. By contrast, the other variables were shown not to
influence TV growth over time (Table 2).
DISCUSSION

This retrospective study was undertaken to evaluate whether
treatment with rhGH can influence testicular growth and the
onset of puberty in a cohort of patients with GHD, the vast
majority of whom were pre-pubertal. We found that only the
patients receiving rhGH had a progressive increase of the TV
over time, whereas still untreated patients did not show any
significant TV increase. However, the final TV of the patients
treated with rhGH remained lower than the normative values
Parameters of multivariate regression analysis.

b coeff std err t stat p-value Lower 95% Upper 95% VIF

Intercept -1317.0624 816.2324 -1.6136 0.1174 -2986.4452 352.3202 –

Mean IGF1 0.0059 0.3976 0.0148 0.9883 -0.8073 0.8191 1.242
Mean FSH -19.8334 23.2197 -0.8542 0.4000 -67.3230 27.6562 1.61
Age 28.3438 38.5955 0.7344 0,4686 -50.5928 107.2805 1.475
Duration of treatment (months) 12.4452 1.9576 6.3573 0.0000 8.4415 16.4490 1.226
Mean rhGH dose 31595.3224 22148.8406 1.4265 0.1644 -13704.1430 76894.7878 4.76
Final rhGH dose 226.7791 17306.4988 0.0131 0.9896 -35168.9852 35622.5434 4.051
April 2021 |
 Volume 12 | Article 6
Model after removal of variables with p>0.05.

df SS MS F Significance F

Regression 2 3536761,7 1768381 31,92123 0.0000
Residual 33 1828143,1 55398,27
Total 35 5364904,8
TABLE 2 | Stepwise multivariate regression analysis.

Model with all the variables entered.

df SS MS F Significance F

Regression 6 3613744.43 602290.74 9.9742 0.0000
Regression 6 3613744.43 602290.74 9.9742 0.0000
Residual 29 1751160.33 60384.84
Total 35 5364904.76
Parameters after Stepwise procedure.

b coeff std err t stat p-value Lower 95% Upper 95% VIF

Intercept -861.5613 363.1699 -2.3723 0.0237 -1600.4360 -122.6865 –

Duration of treatment (months) 12.3217 1.7792 6.9253 0.0000 8.7018 15.9416 1.000
Mean rhGH dose 30447.4389 13889.9927 2.1920 0.0355 2188.0362 58706.8416 1.000
IGF1, insulin-like growth factor 1; FSH, follicle-stimulating hormone; rhGH, recombinant human growth hormone.
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reported in healthy children and adolescents (17). Moreover,
TV growth was influenced by the duration of rhGH treatment.
Limitedly to the retrospective design of this study, these results
Frontiers in Endocrinology | www.frontiersin.org 590
suggest a role of GH (and of IGF1) in testicular growth and
pubertal onset. On note, the treatment was ongoing in 17
patients at the end of the study, since they had not yet
A

B

FIGURE 1 | Tanner stage of boys with growth hormone (GH) deficiency. (A) Tanner stage at enrollment. (B) Tanner stage at the end of the study.
FIGURE 2 | Testicular volume changes over time in boys with growth hormone (GH) deficiency who received recombinant human GH (rhGH) and in aged-matched
not yet treated GHD boys. The number of patients available for each time point is reported in the Supplementary Table 1.
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reached the target height. However, the majority of them (10/
17) had a Tanner stage V and only 1 was prepubertal (Tanner
stage I). Hence, the results were not influenced by the
ongoing treatment.

These findings are in agreement with those of the previous
literature. However, few studies have assessed the effects of rhGH
administration on the onset of puberty and testicular health in
the past because this aspect has poorly been explored in GHD.
Nevertheless, pubertal delay is a common finding in GHD
patients, which has led to treatment with oxandrolone or T in
the past (18). The onset of puberty has been reported to occur
after 19.0 ± 3.5 months after rhGH therapy initiation and no
other specific treatments, in a cohort of eight GHD children.
Interestingly, no abnormality of conventional sperm parameters
nor TV was found in these patients (19). Subsequently, Bertelloni
and colleagues reported low TV and hypergonadotropic
hypogonadism in four male patients with non-GHD-
dependent short stature treated with rhGH (20). These
discrepant data prompted other research groups to assess
whether rhGH treatment could be deleterious for the testicular
function. Leschek and colleagues designed a randomized,
double-blind, placebo-controlled trial to evaluate the effect of
Frontiers in Endocrinology | www.frontiersin.org 691
rhGH administration on pre-pubertal or early pubertal male
patients with non-GH-deficient short stature. The results of this
study showed that GH treatment did not have a detrimental
effect on testicular function and pubertal onset or pace, as no
difference of pubertal onset age or final TV was found compared
with placebo (21). Similar findings were reported in a cohort of
84 GHD patients and 27 boys with idiopathic short stature (22).
Also, in a cohort of 107 patients (79 with GHD and 28 with
idiopathic short stature) treated with rhGH, no difference was
found in final TV when compared with that of the reference
population, thus confirming that rhGH administration does not
impact negatively on testicular volume progression (23). A
subsequent study carried out in eight patients with non-GH-
deficient short stature (constitutional delay of puberty or
idiopathic short stature) showed no adverse effect of rhGH
therapy on final TV, gonadotropins, and sperm conventional
parameters (24). Finally, in the last prospective, randomized,
controlled study on 124 non-GHD-related short children (91
male) randomized in rhGH treatment or placebo, rhGH
treatment reported increasing TV (25).

Altogether, these data suggest 1) no detrimental effect of
rhGH administration on testicular function in childhood; 2) that
A

B

FIGURE 3 | Testicular volume (TV) of boys with growth hormone (GH) deficiency. (A) TV at enrollment. Overall, 88.6% of patients whose TV values were available
prior to recombinant human GH (rhGH) administration and aged ≥10 years showed TV values ≤3 ml and had a Tanner stage 1. (B) TV at the end of rhGH
administration. The 70% of patients on rhGH therapy had TV ≥15 ml at the end of therapy, 20% had values <12 ml, compatible with testicular hypotrophy. Ten
percent had borderline values (12 ml ≤ TV < 15 ml).
April 2021 | Volume 12 | Article 619895
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rhGH administration may enhance testicular growth in GHD
patients that likely occurs via an IGF1-mediated mechanism.
This hypothesis has been recently suggested also by other
authors (26). Indeed, by observing the physiological elevated
(acromegalic) levels of IGF1 during puberty in both sexes, IGF1
has been supposed to promote the development of sexual organs
and gonads (26). Moreover, IGF1 receptor (IGF1R) has been
identified in gonadotropin hormone-releasing hormone (GnRH)
neurons of mice, and mice with a selective knock-out of the
IGF1R gene in the GnRH neurons show marked delay of puberty
(26). Hence, IGF1 may act with both a peripheral mechanism –
by enhancing SC proliferation, and with a central one – by
inducing the firing of the GnRH neurons.

On this account, IGF1 may be suggested as a diagnostic target
(with potential therapeutic implications) for cases with poor
testicular volumetric growth in childhood. Its serum levels are
known to augment with the increase of TV in healthy children
(27). Several previous studies have tried to understand if rhGH
treatment may somehow improve sperm parameters in
adulthood (28–30) or whether a relationship between IGF1
serum levels in adulthood and sperm parameters do exist (31).
The results of these studies showed no effect, and, therefore, the
idea that the GH-IGF1 may play a role in the reproductive
system was abandoned. However, those studies focused on the
adult testis, which is made of mature SCs that are unable to
proliferate. The physiology of the childhood testis is somewhat
different as SCs actively proliferate with an IGF1-dependent
mechanism (12). Testicular growth and function in childhood
are not frequently investigated by pediatricians. The evaluation
of testicular function in prepubertal children may be really
important to early recognize markers of testicular tubulopathy
and to prevent the onset of apparently idiopathic (and
Frontiers in Endocrinology | www.frontiersin.org 792
irreversible) oligozoospermia in adulthood (32). In fact, a poor
SC proliferation in childhood could lead to a reduced SC number
in adulthood, which will support the proliferation and
differentiation of a lower number of germ cell, in turn leading
to irreversible (since SCs can no more divide) oligozoospermia
(8, 9). In this scenario, the measurement of IGF1 may be
suggested in children with poor testicular volumetric growth.

We are aware of some of the limitations of the present study. The
reasons for cautiously interpreting our results include the
retrospective design, which limits the strength of the findings, as
well as the lack of an appropriate control group made of untreated
GHD patients. However, ethical issues do not allow overcoming this
last aspect, since it is not possible to deny rhGH prescription to
GHD children. Moreover, the study lacks entirely or in part of some
parameters. For example, IGF1 SDS or GHAUC were not available in
all children included in the study; also, information on the Tanner
stage was available in 70 boys before they were prescribed rhGH and
in 72 at the last visit, whereas data on TV were found in 59 boys
before therapy and 60 afterward. Finally, not all patients had
completed the rhGH therapy at the last visit.

In conclusion, according to the scanty previous literature, a
role for GH treatment in testicular growth and pubertal onset in
GHD children cannot be excluded. Due to the high prevalence of
apparently idiopathic oligozoospermia, the assessment of
testicular growth and function in childhood is of importance
to prevent the onset of male infertility in adulthood. Longitudinal
studies are needed to understand whether a poor testicular
volumetric growth may underlie borderline-low IGF1 serum
levels in otherwise healthy children. This knowledge may
implement the diagnostic-therapeutic algorithm in case of
evidence of poor testicular volumetric growth in childhood and
could be used for the primary prevention of infertility.
FIGURE 4 | Insulin-like growth factor 1 (IGF1) serum levels in boys with growth hormone (GH) deficiency who received recombinant human GH (rhGH) and in aged-
matched not yet treated GHD boys. The number of patients available for each time point is reported in the Supplementary Table 2.
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There is a great body of evidence suggesting that in both humans and animal models the
microRNA-34/449 (miR-34/449) family plays a crucial role for normal testicular
functionality as well as for successful spermatogenesis, regulating spermatozoa
maturation and functionality. This review and critical analysis aims to summarize the
potential mechanisms via which miR-34/449 dysregulation could lead to male infertility.
Existing data indicate that miR-34/449 family members regulate ciliogenesis in the efferent
ductules epithelium. Upon miR-34/449 dysregulation, ciliogenesis in the efferent ductules
is significantly impaired, leading to sperm aggregation and agglutination as well as to
defective reabsorption of the seminiferous tubular fluids. These events in turn cause
obstruction of the efferent ductules and thus accumulation of the tubular fluids resulting to
high hydrostatic pressure into the testis. High hydrostatic pressure progressively leads to
testicular dysfunction as well as to spermatogenic failure and finally to male infertility, which
could range from severe oligoasthenozoospermia to azoospermia. In addition, miR-34/
449 family members act as significant regulators of spermatogenesis with an essential role
in controlling expression patterns of several spermatogenesis-related proteins. It is
demonstrated that these microRNAs are meiotic specific microRNAs as their
expression is relatively higher at the initiation of meiotic divisions during
spermatogenesis. Moreover, data indicate that these molecules are essential for proper
formation as well as for proper function of spermatozoa per se. MicroRNA-34/449 family
seems to exert significant anti-oxidant and anti-apoptotic properties and thus contribute
to testicular homeostatic regulation. Considering the clinical significance of these
microRNAs, data indicate that the altered expression of the miR-34/449 family
members is strongly associated with several aspects of male infertility. Most
importantly, miR-34/449 levels in spermatozoa, in testicular tissues as well as in
seminal plasma seem to be directly associated with severity of male infertility, indicating
n.org July 2021 | Volume 12 | Article 709943195
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that these microRNAs could serve as potential sensitive biomarkers for an accurate
individualized differential diagnosis, as well as for the assessment of the severity of male
factor infertility. In conclusion, dysregulation of miR-34/449 family detrimentally affects
male reproductive potential, impairing both testicular functionality as well as
spermatogenesis. Future studies are needed to verify these conclusions.
Keywords: male infertility, idiopathic male infertility, micro-ribonucleic acids (microRNAs), miR-34/449,
spermatogenesis, ciliogenesis, biomarkers, personalized medicine
INTRODUCTION

According to the World Health Organization (WHO) infertility
is defined as the inability to achieve a pregnancy following at
least twelve months of unprotected sexual intercourse (1, 2).
Recent data demonstrate that the prevalence of infertility is very
high, affecting 8-12% of couples of reproductive age worldwide
(1–3). Infertility could be attributed to both female and male
factors, detrimentally affecting reproductive potential. Male
factor infertility represents the sole infertility aetiology for 20-
30% of infertile couples. Additionally, and in combination with
female etiology, male infertility presents as a contributory factor
for 50% of infertility cases (3, 4). Male infertility is a
multifactorial condition caused by a wide variety of congenital,
acquired, and idiopathic factors (2, 3, 5). Moreover, several
environmental stressors and life-style parameters, including
nutrition, alcohol consumption and smoking, could
detrimentally affect male reproductive system functionality and
dynamic (6). However, and despite advances in the field of
human reproduction, the exact infertility aetiology remains
unknown regarding 30% of infertile men, highlighting the need
for a more accurate and a more precise understanding of the
molecular mechanisms involved in the pathogenesis of male
infertility (7).

Aiming to instigate, present, discuss and critically analyze
novel possible molecular targets of male infertility, authors of the
present review focused their attention on the role of micro-
ribonucleic acids (microRNAs). Micro-ribonucleic acids are a
class of small non-coding ribonucleic acids (RNAs), constructed
by an average sequence of 22 ribonucleotides (8). Their loci is
commonly found in transcription units and are produced
following the transcription of these gene regions. Moreover,
microRNAs are commonly located in clusters throughout the
genome, except for the Y chromosome (9, 10). Generally,
microRNAs act as epigenetic modifiers regulating gene
expression in the post-translation level, causing translation
repression and/or degradation of their mRNA targets (11).
Thus, microRNAs are described as master regulators of several
biological processes both in the cellular and the organism level
(8). Micro-ribonucleic acids are involved in cell cycle regulation,
in cell programming as well as in cell differentiation and tissue
formation (12). Moreover, microRNAs exert a pivotal role on
embryo development, on organ formation as well as on growth
(13–15). Due to their pivotal role on regulation of cellular
processes, microRNA dysregulation is considered to be directly
associated with the pathogenesis of several diseases and
n.org 296
pathophysiological conditions, including developmental
diseases, cancer and infertility (16).

This narrative review is focused on identifying and underlying
the possible role of a specific microRNA family, namely
microRNA‐34/449 (miR-34/449) on male inferti l i ty
pathophysiology. Briefly, the miR-34/449 family is comprised
by six highly conserved microRNAs, namely miR-34a/b/c and
miR-449a/b/c, respectively (17). The miR-34a gene is located on
chromosome 1p36.22 (18). The other five family members are
classified into two functional clusters, namely miR-34b/c cluster
and miR-449a/b/c cluster, respectively (17). Members of both of
these clusters are co-expressed in the testis and present with
common characteristics (19). The miR-34b/c cluster is located on
chromosome 11q23.1 and the miR-449a/b/c cluster is originated
from polycistronic transcripts encoded on chromosome 5q11.2
and more specifically in the second intron of the cell division
cycle 20b (cdc20b) gene (20). Despite the fact that the members
of the miR-34/449 family are transcribed from different gene
loci, these present with similar mature sequences and
share an identical ‘‘seed sequence’’ (21, 22). As a result, these
microRNAs are sharing common features and properties. In
both animals and humans, the members of miR-34/449 family
exert several significant functions, including cell cycle regulation
as well as regulation of cell differentiation and functionality.
These microRNAs are expressed in several tissues and organs
such as in airway epithelium, in ovaries, in fallopian tubes, in
epithelial cells located on the surface of the ventricular system of
the brain and finally and most importantly in testis (19, 23–25).
All these tissues are sharing a common dominator: among their
different cell types, these tissues contain ciliated cells and/or
flagellate cells, such as spermatozoa. Considering the topology of
their expression, it becomes clear that miR-34/449 members
constitute master regulators of the ciliated cells’ differentiation
and function (22, 26). Most importantly, considering the topic of
the present review, there is increasing evidence suggesting that
miR-34/449 family members play crucial roles in testicular
functionality as well as in regulating spermatogenesis and
mature spermatozoa formation (19, 25, 27). The essential role
that miR-34/449 family members appears to play in the male
reproductive system served as the incentive for authors to
proceed to this critical analysis, while the rational for this
study was fueled by the need to provide further in depth
analysis on male infertility.

In summary, data presented from several studies both in
humans and animal models indicate that miR-34/449 family
members play crucial roles during spermatogenesis by regulating
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spermatozoa maturation and testicular functionality. It is
suggested that miR-34/449 dysregulation is related with several
aspects of idiopathic male inferti l i ty ranging from
oligozoospermia to non-obstructive azoospermia (NOA). This
critical analysis aims to highlight the potential mechanisms via
which miR-34/449 dysregulation could lead to male infertility,
highlighting the role of these molecules as potential biomarkers
and possible therapeutic targets for improving management of
male infertility in the era of personalized and precision medicine.
MULTICILIATED CELLS AND NORMAL
TESTICULAR FUNCTIONALITY

Prior to elaborating on the role of miR-34/449 family members
on male infertility it is significant to understand their
contribution in proper development and function of testicular
multiciliated cells. Cilia are dynamic microtubule-based cell
organelles that extend outside the cell body (28). These
organelles are highly conserved among eukaryotes and consist
of the basal body, which resides in the apical surface inside the
cell and the extracellular axoneme structure (29). Cilia can be
motile or immotile exerting different cell functions. Generally,
almost all human cells possess a single-non motile cilium,
commonly characterized as primary cilium, which plays crucial
roles mainly with regard to cell signaling serving like a sensor
(30, 31). However, there is a class of hostile specialized
differentiated epithelial cells, which possess multiple motile
cilia. These cells, which project multiple cilia on their apical
surface, are commonly referred to as multiciliated cells (32–36).
The multiple cilia of these cells are generally moving in a
synchronous wave-like manner to facilitate movement of
luminal contents in several tissues and organs, including the
airway epithelium, the ventricular system of the brain as well as
the spinal column (19, 23–25, 37). Interestingly, multiciliated
cells are observed in both the female and male reproductive
system (38).

Considering the female reproductive system, multiciliated cells
are mainly located in the epithelium of the fallopian tubes and via
the synchronous wave-like motion of their multiple cilia these
oviduct epithelial cells assist the oocyte and embryo passage
towards the uterus (39). With regards to the male reproductive
system, data indicate that multiciliated cells are present in the
epithelium of the efferent ductules (27, 40). Similarly to the
fallopian tubes, efferent ductules are small tubes via which
the immature immotile spermatozoa are transported from the
rete testes to the caput epididymis, where the final maturation of
the spermatozoa is taking place (27, 40). In the efferent ductules
immature spermatozoa are suspended in an abundance of
seminiferous tubular fluid, the great amount of which is
reabsorbed prior to reaching the caput epididymis (41).
Seminiferous tubular fluid reabsorption is of paramount
importance since immature spermatozoa should reach the caput
epididymis in high concentrations in order for the final
spermatozoa maturation to be achieved (27). The multiciliated
cells of the efferent ductules seem to play crucial roles in both
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immature spermatozoa transportation into the epididymis, as well
as in the successful reabsorption of the seminiferous tubular fluids
(27). Recently, published data demonstrate that cilia in the efferent
ductules are not moving in a synchronous wave-like manner, but
in contrast are performing whip-like beatings and continually
change the direction of the fluids’ flow, generating turbulence,
which is turn keeps spermatozoa suspended in the seminiferous
tubular fluids (27, 42). Therefore, it becomes evident that the
multiciliated cells located in the efferent ductules are significant
contributors for normal testicular functionality.
MIR-34/449 FAMILY: A REQUIREMENT
FOR MULTICILIATED CELL
DIFFERENTIATION

Despite the fact that the multiciliated cells are present in several
different organs and tissues, data demonstrate that cilia
formation, being a differentiation process called ciliogenesis, is
taking place via shared molecular mechanisms. During the first
stage of ciliogenesis, progenitor cells should exit the cell cycle to
acquire the multiciliated phenotype. Several endocrine,
paracrine, mechanical and chemical stimuli could induce
ciliogenesis (43). In progenitor undifferentiated basal cells
ciliogenesis is initiated by the amplification of centrioles,
representing the second stage of the whole process. This event
is regulated by two independent pathways, the canonical parental
centriole dependent pathway, and the deuterostome dependent
pathway (44). Centriole abundance is proportional to the surface
area and is not associated with cell volume (45). Following the
amplification stage, centrioles move to the apical membrane of
the cell, where they dock and maturation is achieved giving rise
to basal bodies (28). The axoneme is the scaffold of the cilia and is
a dynamic structure, which originates from the basal bodies. The
axoneme is comprised of several proteins, including A and B
tubulins and dynein (46).

Considering the role of miR-34/449 family in ciliogenesis,
there is a great amount of evidence suggesting that these
microRNAs share common developmental roles, serving as
master regulators of the ciliogenesis process in several tissues
and organs, including the testis (19, 23–25). This becomes
evident considering that the miR-34/449 family members are
overexpressed during ciliogenesis in vertebrates and constitutes
the most highly expressed microRNA family in the ciliated
epithelia (20). Moreover, data indicate that genetic ablation of
both miR-34b/c and miR-449a/b/c clusters could detrimentally
affect ciliogenesis via dysregulation of several genes involved in
cell cycle regulation. In the absence of miR-34/449 several genes
encoding cell cycle regulatory proteins, namely cyclin-dependent
kinases (CDKs), are upregulated resulting to impaired
ciliogenesis. These proteins keep progenitor cells to a
proliferative stage, rendering them incapable of exiting the cell
cycle in order to adopt the multiciliated phenotype (12). It is well
established that the members of the miR-34/449 family present
with pro-apoptotic and anti-proliferative properties, which are
exerted by their ability to silence the expression of several
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proteins promoting cell proliferation, including CDKs as well as
cyclins (47–49). It seems that during ciliogenesis, these
properties are also important for the successful differentiation
of the multicillia epithelium in several tissues, including
the testis.

In order to better understand the significant role of the miR-34/
449 family during ciliogenesis it is of high significance to present
the molecular pathways mediating respective actions. Data
originating from both animal models and humans indicate that
the members of the miR-34/449 family work synergistically during
ciliogenesis. Firstly, during early ciliogenesis these microRNAs
suppress both Notch and bone morphogenetic protein (BMP)
signaling pathways, enabling progenitor cells to exit the cell cycle.
Moreover, Notch and BMP suppression mediates centriole
amplification and migration of the amplified centrioles to the
apical surface of the progenitor cells (20, 50, 51). Several studies
indicate that Notch suppression stands as a prerequisite condition
in order for the progenitor cells to be successfully differentiated
into multiciliated cells. Experiments performed, employing both
Xenopus epidermis and cultured human aortic endothelial cells
(HAEC), demonstrate that miR-449a/b/c cluster’s members can
directly suppress the Nocth1 receptor as well as its ligand delta like
ligand 1 (DLL1), promoting ciliogenesis. In contrast, when Notch1
and DLL1 messenger RNAs (mRNAs) were protected against the
miR-449a/b/c, an impaired ciliogenesis was observed (20). These
data indicate that miR-34/449 family is required for successful
determination of the multiciliated cell fate by silencing significant
pathways, including Notch and BMP signaling pathways.

Members of the miR-34/449 family are not only required at
the early stages of the ciliogenesis, but also act as significant
regulators of the following steps. There is evidence suggesting
that miR-34/449 family members work together for the
formation of the apical actin meshwork as well as for the
formation and the maturation of the basal bodies. Data
indicate that miR-34/449 family members can directly or
indirectly suppress the mRNA of the RAS related protein (R-
Ras), controlling the redistribution of Filamin A protein on the
apical actin meshwork of the multiciliated cells. It seems that
these specific microRNAs serve as regulators of the apical actin
meshwork’s architecture, which is a crucial structure necessary
for basal body anchoring (50, 51). In addition, miR-34/449
members also control cilia biogenesis via the regulation of the
cp110 mRNA. The cp110 protein is a regulatory molecule
necessary for both cilia formation and function. During
ciliogenesis, cp110 levels should be accurately controlled to
enable proper formation and function of apical actin
meshwork as well as of basal bodies. Strong correlation of the
cp110 protein with the miR-34/449 family members is
highlighted considering that both cp110 and miR-34/449 can
be regulated by the same transcription factors. However, the
miR-34/449 members can post-transcriptionally control
expression of the cp110 protein, and thus they can regulate
optimal cp110 proteins’ levels for the apical actin meshwork
formation as well as for the basal bodies anchoring (22, 26, 52).
Moreover, miR-34b can regulate levels of c-Myb protein. The
c-Myb protein is a well-known transcription factor, which
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controls several genes involved in cell differentiation and cell
survival (53–55). The c-Myb is also one of the master regulators
of ciliogenesis, controlling expression of several ciliary-related
genes, including Polo like kinase-4 (PLK4) and Stil (Scl/Tal1
interrupting locus) genes. Experiments performed in zebrafish
kidney’s multiciliated cells indicate that the miR-34b/c-Myb
signaling serves as an important regulator of centriole
migration and docking. Genetic ablation of miR-34 or c-Myb
overexpression can equally impair the normal centriole
migration and docking. In the middle kidney ducts of c-Myb
mutants, a fewer number of centrioles lining the apical
membrane of the multiciliated cells was observed, indicating
that optimal levels of the c-Myb transcription factor are required
for proper centriole migration. Although the c-Myb transcript
presents binding sites for the miR-34b, its regulation seems to be
indirect and more date is required to elucidate whether miR-34b
controls c-Myb levels (56). These data demonstrate that miR-34/
449 members represent essential elements of the molecular
mechanisms regulating apical actin meshwork formation as
well as basal body anchoring.
IMPAIRED TESTICULAR
MULTICILIOGENESIS AND MIR-34/449
DYSREGULATION

Several studies have been so far conducted in order to elucidate
whether miR-34/449 dysregulation could impair ciliogenesis.
Experiments performed in Xenopus epidermis as well as in ex
vivo cultured cells demonstrate that the miR-449 cluster
inhibition could impair multiciliated cell functionality by
reducing the number of basal bodies (20). In contrast to the
aforementioned observation, no significant change in the
number of basal bodies was reported in the multiciliated cells
of the respiratory tract of miR-34/449 knock out mice. However,
defects in basal body migration and docking were observed as the
majority of them were localized into the cytoplasm and did not
migrate to the apical surface of the cells (22). Triple knock out
(TKO) mice regarding all the miR-34/449 family genome loci
presented with respiratory deficiency as well as with respiratory
infections and were characterized by a phenotype resembling a
condition called Primary Cilia Disorder (PCD). Further analysis
revealed a dysfunction in generation of the multiciliated cells of
the respiratory tracks, which was caused by defective basal body
formation and docking (39). Same outcomes were observed
regarding the ciliated epithelium of the reproductive tracks
regarding both female and male mice, where ciliogenesis was
also significantly impaired, leading to infertility (39). Similar
findings were also reported by Otto et al., in mice in which both
miR-34b/c and miR-449a/b/c clusters were genetically ablated.
Impaired multiciliogenesis was observed in the respiratory and
reproductive epithelia of both sexes. Histological examination of
both embryos and adult mice confirmed that in the respiratory
system, in the fallopian tubes as well as in the efferent ductules,
ciliogenesis was defective. A microarray analysis of these tissues
revealed that several cell cycle genes were significantly
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upregulated in both mRNA and protein levels, indicating the
incapability of the progenitor cells to obtain the multiciliated
phenotype. These finding were confirmed following proliferation
assays, indicating that the miR-34b/c and miR-449a/b/c deficient
mice displayed a higher fraction of proliferating cells compared
to the wild-type controls (12). These data suggest that miR-34/
449 family members are required for proper ciliogenesis,
especially regarding respiratory and reproductive tracks
epithelia. Their role is of paramount importance not only for
the progenitor cells to acquire the ciliated phenotype, but also for
the maturation, as well as for ensuring proper functionality of the
differentiated multiciliated cells. Thus, alterations in their
expression leads to both respiratory defects and infertility in
both sexes.

In order to elaborate on the role of miR-34/449 family
members on the female reproductive system’s physiology, it is
of significance to note that genetic ablation of these microRNAs
leads to impaired ciliogenesis in the epithelium of the fallopian
tubes and subsequently to female infertility. These observations
were confirmed following histological examination performed
on TKO female mice which were treated with gonadotrophins. In
these female mice, a significant reduction regarding the number
of oocytes identified in the fallopian tubes was observed, a
phenomenon which is likely attributed to the impaired
multiciliogenesis of the fallopian epithelium (12, 22, 57, 58).

Regarding the male reproductive system, several studies
demonstrated that genetic ablation of both miR-34b/c and
miR-449a/b/c clusters results in spermatogenic impairment
and subsequently to male infertility (27, 59, 60). Data
originating from these studies indicate that male infertility is
probably attributed to the impaired ciliogenesis of the efferent
ductules. As previously highlighted, the motile cilia of the
internal lumen of the efferent ductules present with unique
properties and are required for the proper functionality of the
testis (59). In 2019, Yuan et al. published high-quality evidence
highlighting the significance of these unique properties of the
multiciliated cells located in the efferent ductules. In this study,
authors generated spermatogenic cell-specific and multiciliated
cell-specific double miR-34 and miR-449 cluster knockout mice.
Data demonstrated that in the absence of both miR-34 and miR-
449 clusters, spermatogenic cells remained unaffected and these
mice were totally fertile. In contrast, the mice of the multiciliated
cell-specific double miR-34 and miR-449 cluster were infertile
and presented with testicular atrophy. In addition, these mice
exhibited impaired ciliogenesis of the efferent ducts due to the
dysregulation of several genes contributing to ciliogenesis,
namely Ccdc113 and Dnah6. In concordance with previous
data, image analysis via electron microscopy revealed that the
epithelium of the efferent ductules had fewer number of cilia,
presenting with less motility compared with the wild-type mice
(27). More specifically, data originating from this study indicate
that genetic ablation of both the miR-34 and miR-449 clusters led
to abnormal multicillia cell differentiation in the efferent
ductules, which in turn led to sperm aggregation and
agglutination, testicular tubular obstruction, impaired
Frontiers in Endocrinology | www.frontiersin.org 599
spermatogenesis, testicular atrophy and subsequently to male
infertility (27).

In conclusion, altered miR-34/449 expression motifs can
cause defective ciliogenesis in the efferent ductules epithelium,
leading to progressive spermatogenic failure. In this case,
spermatogenic failure is attributed to testicular dysfunction,
mainly originating from impaired reabsorption of the
seminiferous tubular fluids, which in turn leads to high
hydrostatic pressure into the testis. High hydrostatic pressure
progressively leads to testicular atrophy and subsequently to
male factor infertility, which could range from OAT to
azoospermia. These data demonstrate that clinicians should
consider multicillia cell dysfunction and efferent ductules
obstruction in cases where abnormal semen parameters and/or
azoospermia co-exist with sperm aggregation and agglutination
as well as with luminal enlargement (27).
THE ROLE OF MIR-34/449 FAMILY IN
SPERMATOGENESIS

Taking into account the spermatozoa architecture, it may be
hypothesized that the spermatozoon may in fact represent a
highly differentiated type of ciliated cells. It is this exact
hypothesis that drove the authors’ extrapolation that miR-34/
449, ciliogenesis and spermatozoa are governed by a relationship
that may hold the key to explaining how disorders of the
ciliogenesis process, defined by miR-34/449, ultimately lead to
infertility. Spermatozoa are equipped with a single-motile cilia
which is called flagellum. Considering the role of miR-34/449
family members during ciliogenesis, and taking into account that
spermatozoa represent a special type of ciliated cells, it is of value
to analyze the role of miR-34/449 family members on the
physiological events entailed during spermatogenesis. The role
of miR-34/449 family members on the physiological events
entailed during spermatogenesis is summarized in Figure 1.

The miR-34/449 family members are expressed in
reproductive organs (60–62). Transcriptome analysis in
primates and rodents revealed that the miR-34/449 family
members are highly expressed in the mature testis, indicating
their possible role during sperm maturation (36, 63, 64). In adult
male mice, the expression of both miR-34b/c and miR-449a/b/c
clusters is progressively increased in the postnatal testis. In
contrast, the miR-34a expression seems to be stable during
spermatogenesis. This finding could be attributed to the fact
that, in the mouse testis, miR-34a is predominantly expressed in
spermatogonia rather than in spermatocytes or spermatids (19,
62). In addition, both miR-34b/c and miR-449a/b/c clusters
present similar expression patterns in male germ cells. They
are considered to be meiotic specific microRNAs as their
expression is relatively higher at the initiation of meiotic
divisions during spermatogenesis (19, 65, 66).

Considering their expression partners, researchers attempted
to investigate the molecular mechanism via which the miR-34/
449 family members contribute to generation of the mature
July 2021 | Volume 12 | Article 709943

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Pantos et al. MicroRNA-34/449 Family and Male Infertility
spermatozoa. Using bioinformatic analysis, several gene-targets
were identified, including CDKs, Notch1, Bcl-2 and Casp3.
These molecules are known to play essential roles during
spermatogenesis (36, 64, 67–69). For example, in the mouse
testis Notch1 downregulation is required for optimal
spermatozoa maturation. In contrast, the activation of the
Notch signaling pathway in mutant mice resulted in impaired
spermatogenesis. These mutant mice experienced an age-related
sperm count reduction and were also presenting with sperm
morphological defects. This defective spermatogenesis, noted in
the mutant mice overexpressing Notch, was principally attributed
to the inability of the germ cells to properly differentiate to
mature spermatozoa. Moreover, Notch overexpression
increased apoptosis levels in spermatogonia of the mutant mice
Frontiers in Endocrinology | www.frontiersin.org 6100
(70). To elaborate on that, miR-34b/c and miR-449a/b/c
clusters’ members have been characterized as principal post-
transcriptional controllers for the transition of germ cells from
the pro-meiotic to the meiotic stage (66). These microRNAs
target several transcripts of cell-cycle regulatory proteins, leading
germ cells to exit the cell cycle, in order for spermatogenesis to be
initiated. Interestingly, experiments performing luciferase report
assays demonstrated that, in germ cells, the miR-34b/c and
miR-449a/b/c clusters’ members are sharing common targets.
Some of them include different types of cyclins and CDKs as
well as elements of the RB/E2F pathway. The significant role
of miR-34b/c and miR-449a/b/c clusters’ members during
spermatogenesis is highlighted in experiments performed on
animal models presenting with chemotherapy-induced
FIGURE 1 | The role of miR-34/449 family members on the physiological events entailed during spermatogenesis. At the initial stages of spermatogenesis miR-34/
449 family members target several transcripts of cell-cycle regulatory proteins, leading germ cells to exit the cell cycle in order for spermatogenesis to be initiated.
They are considered to be meiotic specific microRNAs as their expression is relatively higher at the initiation of meiotic divisions. During spermatogenesis these
microRNAs are essential molecules promoting normal spermatozoa formation via the differential regulation of expression levels of several spermatogenesis-related
proteins depending on spermatogenesis stages. In addition, miR-34/449 family members do not only exert significant actions for the regulation of spermatogenesis,
but also these molecules are essential for proper formation as well as for proper function of spermatozoa per se. Except from spermatogenesis, evidence also
suggest that members of the miR-34/449 family exert significant anti-oxidant and anti-apoptotic properties and thus stand as significant elements of the testicular
homeostatic mechanisms.
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azoospermia. A significant reduction in the expression levels of
miR-34b/c and miR-449a/b/c was observed in rats following
treatment with busulfan, leading to azoospermia. Following
chemotherapy some of the affected rats were subjected to
mesenchymal stem cell (MSC) transplantation in the testis.
Notably, MSC transplantation was able not only to restore
fertility but also to upregulate the previously altered expression
of the miR-34b/c and miR-449a/b/c clusters’members. Following
regulation of these microRNAs expression, expression patterns of
several other genes, including Cdk1, E2F1, c-Myc and PLCXD3
was normalized (71). This data suggests that miR-34b/c and miR-
449a/b/c regulate sperm maturation by controlling expression
levels of several proteins involved in spermatogenesis. For
instance, and as previously mentioned, the RB/E2F pathway is
controlled by the miR-34b/c and miR-449a/b/c clusters’members
during cell cycle control. During spermatogenesis, the E2F1
protein, being a transcription factor, is essential for the
maintenance of spermatogonia in a proliferative status,
promoting mitotic divisions of these germ cells. However, in
later stages of spermatogenesis, the transition of germ cells from
the pro-meiotic to the meiotic stage requires silence of the RB/E2F
pathway. Upon miR-34b/c and miR-449a/b/c dysregulation, the
E2F1 activity during the later stages of spermatogenesis results in
Sertoli cell dysfunction, as well as in a progressive reduction of the
number of mature spermatocytes and spermatids (72, 73).
Moreover, studies indicate that miR-34b stands as a significant
controller of spermatogenesis, as it targets the mRNA of the cyclin
dependent kinase 6 (Cdk6). It is well established that Cdk6
protein plays crucial roles during spermatogenesis, enabling
germ cells to exit the cell cycle in order to differentiate to
mature spermatozoa. Indeed, overexpression of the miR-34b in
cultured cells significantly downregulated expression levels of the
Cdk6 protein (74). Similar studies indicate that also miR-449
mimics could lead to proliferation inhibition (19). MicroRNA-34/
449 family members are essential molecules promoting normal
spermatogenesis via the differential regulation of expression levels
of several spermatogenesis-related proteins depending on
spermatogenesis stages.

The crucial contribution of miR-34/449 family members
during spermatogenesis is demonstrated in several studies
investigating spermatogenesis outcomes upon the absence of
these specific microRNAs. Knockdown male mice for either
miR-34b/c or miR-449a/b/c clusters, presented with no
significant spermatogenic defects and were phenotypically
normal. In both cases, the knockdown male mice had normal
fertility and normal sperm parameters and were also presenting
with normal testicular morphology. The normal phenotype of
the single knockdown mice could be attributed to the fact that
miR-34b/c or miR-449a/b/c clusters are sharing common targets
and roles. Interestingly, upon miR-449a/b/c cluster’s genetic
ablation, an upregulation of miR-34b/c expression was
observed, confirming the synergetic action of these microRNAs
(19, 60). However, simultaneous inactivation of both clusters
resulted to male infertility while mice presented with a
phenotype resembling OAT. Sperm analysis revealed impaired
spermatogenesis and both the number, and the motility of the
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spermatozoa were detrimentally affected. Spermatozoa found in
the epididymis were headless to an extent of 80%. Image analysis
employing transmission electron microscopy revealed major
defects in the formation of the flagellum architecture. The
defects included a disorganization of the mitochondrial sheath
and the lack of the typical “9+2” microtubular organization.
However, and despite the major structural defects of the mature
spermatozoa, mutant round spermatids showed normal fertility
potential and the lack of the miR-34b/c and miR-449a/b/c
clusters did not affect development of the generated embryos
(25, 60). In light of the above, miR-34/449 family members do
not only exert significant actions for the regulation of
spermatogenesis, but are also essential for proper formation as
well as for proper function of spermatozoa per se.

Current data also demonstrate that miR-34/449 family
members represent significant regulators of the molecular
mechanisms involved in maintaining testicular homeostasis.
During spermatogenesis, miR-34/449 family members induce
apoptosis, eliminating defective cells, including abnormal germ
cells and immature spermatozoa. In vitro experiments employing
GC-2 lines highlight that miR-34c possibly regulates apoptosis
through repression of the ATF1 mRNA (75). In addition, the
miR-34a seems to play crucial roles for oxidative stress mediated
apoptosis, inhibiting the Sirt1 protein in the testis. The induction
of oxidative stress in the mouse testis results in an upregulation of
miR-34a and downregulation of SIRT1. Upon oxidative stress, the
testis displays higher expression of apoptotic markers and higher
apoptotic index in male germ cells, indicating that oxidative stress
is a major cause of male infertility (76, 77). The members of the
miR-34/449 family seems to exert significant anti-oxidant and
anti-apoptotic properties and are vital for the testicular
homeostatic mechanisms. Upregulation of their expression
observed upon oxidative stress indicates that members of the
miR-34/449 family ensure-via their unique actions-maintenance
of spermatogenesis when the microenvironment of the testis is
jeopardized. Thus, alterations with regard to miR-34/449
expression have been correlated with defective anti-oxidant
capacity, ultimately leading to male infertility (78).
MALE INFERTILITY IN HUMANS AND
MIR-34/449 ASSOCIATIONS

Similarly to animal models, several studies suggest that in humans
the dysregulated expression of miR-34/449 family members is
strongly associated with failed spermatogenesis, with impaired
testicular functionality and subsequently with male infertility (79–
82). Considering the expression motifs of the miR-34/449 family
members in the male reproductive system, data indicate that these
microRNAs are expressed in both spermatozoa and testicular
tissues but not in the accessory glands, highlighting the possible
implication of miR-34/449 family in male infertility originating
from testicular dysfunction (83).

More specifically, studies investigating microRNAs’
expression patterns in patients with male infertility, revealed
that members of the miR-34b/c were significantly downregulated
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in both spermatozoa and in seminal plasma of men presenting
with oligozoospermia and azoospermia (79–82). Between the
two members of the miR-34b/c cluster, miR-34b was positively
correlated with spermatozoa vitality and concentration (81, 82).
Furthermore, it is demonstrated that miR-34b levels are
significantly reduced in spermatozoa as well as in testicular
samples of men presenting with different types of NOA, in
comparison to men with normal spermatogenesis. Analysis
employing receiver operating characteristic curve (AUC)
indicated that miR-34b could successfully separate different
types of NOA and control fertile men, as it presented with a
high AUC value reaching 0.944 (95% CI 0.9131–0.9713) (80). In
concordance to the aforementioned studies, Salas Huetos et al.
indicated that miR-34b levels were significantly reduced in
semen samples of oligozoospermic and asthenozoospermic
men. This is a significant observation considering that semen
could be used as a material for non-invasive differential diagnosis
of male infertility compared with tissue analysis, which requires
invasive testicular biopsies. In the same study, bioinformatic
analysis revealed altered expression patterns of several genes
involved in spermatogenesis, chromatin modification and cell
cycle regulation, highlighting that several of these genes are
targets of the miR-34b/c. These data are of paramount
importance for better understanding the connection between
the miR-34/449 alterations with male infertility. As anticipated,
considering the shared mechanisms of action between miR-34b/c
and miR-449a/b/c clusters, the miR-449a/b/c cluster also
displays similar expression patterns as the miR-34b/c cluster’s
members. These entail decreased levels in semen samples of
infertile patients presenting with abnormal semen parameters
(84). When critically analyzing data, it appears that there is a
great body of evidence suggesting that the altered expression of
the miR-34/449 family members is strongly associated with
several aspects of male infertility ranging from oligozoospermia
to NOA. Most importantly, miR-34/449 levels in spermatozoa, in
testicular tissues as well as in seminal plasma seem to be directly
associated with severity of male infertility. Thus, miR-34/449
family members could serve as potential sensitive biomarkers for
an accurate individualized differential diagnosis, as well as for
assessment of male infertility severity.

It has been noted that upon miR-34/449 dysregulation both
testicular functionality and spermatogenesis are severely
compromised, commonly leading to idiopathic male infertility.
However, the exact mechanisms involved in miR-34/449
dysregulation in infertile men presenting with impaired
spermatogenesis as well as with diminished testicular
functionality are poorly understood. Current evidence suggests
that epigenetic alterations, including abnormal methylation of
the miR-34/449 loci, probably stands as one of the main
pathological mechanisms inducing abnormal miR-34/449
expression patterns. Indeed, two recently published studies
reported a higher methylation status in the promoters of miR-
34b/c and miR-449a/b/c clusters in men presenting with
idiopathic male infertility and abnormal semen parameters (84,
85). In both studies, infertile men presented with a higher
percentage of methylation in the miR-34/449 promoters and
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subsequently with a significant reduction of the expression levels
of miR-34/449 compared with fertile men featuring normal
semen parameters. Interestingly, these alterations in miR-34/
449 methylation were documented as directly associated with the
severity of semen abnormalities, with OAT patients presenting
with the highest methylation percentage, as well as the lowest
miR-34/449 levels (84, 85). Moreover, defective genomic
imprinting of miR-34/449 loci was also observed in patients
presenting with male infertility (86–88). The underlying causes
of altered imprinting as well as of defective methylation of the
miR-34/449 loci are yet poorly understood. In the study of
Najafipour and colleagues it was suggested that smoking can
increase the methylation status of the miR-449 cluster’s
promoter (84). Other researchers have similarly associated
smoking with aberrant methylation patterns in several genes as
well as with abnormal semen parameters, indicating the
detrimental epigenetic effect of smoking on male fertility (89–
91). Evidence suggests that several other lifestyle parameters,
physical activity levels, stress as well as aging are described as
factors that could affect DNA methylome in spermatozoa,
leading to abnormal methylation patterns in specific genome
loci, including the miR-34/449 loci, eventually leading to
structural and functional abnormalities of spermatozoa (86).
For example, there are studies reporting an age-related
reduction of miR-34b levels, indicating that aging could
negatively affect male reproductive potential (Salas-Huetos
et al., 2019). It has also been voiced that early life stress is
associated with reduction of miR-34/449 levels in semen
samples. Men with high scores of early life stress showed a
reduced expression of miR-34/449 in semen, coupled by poorer
semen parameters in comparison to individuals experiencing low
early life stress (92). These data indicate that stress could impair
miR-34/449 expression, reducing male reproductive capacity,
however the underlying mechanisms remain unknown (93).
Except from the epigenetic alterations, several genetic and
chromosomal abnormalities have been also associated with
impaired miR-34/449 expression. For instance, interesting
results emerge from a recently published study, where the
expression profile of several microRNAs in the testes of
patients with Klinefelter (46, XXY) syndrome were investigated
(94). It is well-known that individuals with Klinefelter syndrome
are commonly presenting with NOA. Results of this study
revealed a significant reduction of miR-34b/c in testicular
samples of Klinefelter patients compared with individuals
diagnosed with obstructive azoospermia. Notably, miR-449
cluster’s members were undetectable in the testicular samples
obtained from Klinefelter patients (94). These interesting
findings suggest, that despite the fact that miR-34/449 are
encoded from transcriptional units located in autosomal
chromosomes, their expression is possibly regulated by factors
encoded from loci on the sex chromosomes. Alterations in sex
chromosomes could detrimentally affect miR-34/449 expression
patterns, highlighting the need for further research to better
understand the complex network regulating the miR-34/449
family. Apparently, more data are required in order to unveil
the pathophysiological mechanisms leading to miR-34/449
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alterations, which in turn cause male factor infertility. Several
inherited or/and acquired genetic and epigenetic conditions,
such as genome imprinting and DNA methylation, have been
so far correlated with impaired miR-34/449 expression patterns.
It is of high clinical significance to note that life-style parameters,
environmental stressors as well as aging, are at the top of the list
of the cascade of events leading to miR-34/449 dysregulation and
to male infertility.

Considering the significant role of miR-34/449 in idiopathic
male infertility, it is of added value to further study the possible
implication of these microRNAs on pathologies that represent
known causes of male infertility, such as varicocele. It is well-
established that varicocele is associated with increased testicular
temperature, leading to germ cell damage and finally to
temperature-depending spermatogenic failure (95). Several
molecular mechanisms are involved in heat-induced germ cell
damage, including apoptosis, oxidative stress, DNA damage and
autophagy (95). Indeed, a significant reduction of miR-34c levels
has been reported in patients presenting with varicocele and
impaired semen parameters in comparison to fertile men with
varicocele and normal testicular functionality. In the same study,
miR-34c levels were positively correlated with semen parameters,
namely spermatozoa concentration, motility and morphology. In
contrast, miR-34c levels were negatively correlated with markers
indicating oxidative stress and apoptosis (96). Lower levels of
miR-34a were also reported in varicocele patients, according to
the results provided by a recently published study, which
similarly suggests that miR-34/449 family dysregulation
constitutes part of varicocele’s pathophysiology. More
specifically, varicocele patients presented with reduced
expression of miR-34a as well as with increased levels of
oxidative stress markers in their semen samples, compared
with healthy fertile controls (93). In order to connect the
molecular events entailed in varicocele pathophysiology with
the miR-34/449 family, we should consider that these
microRNAs exert anti-apoptotic properties (97). Moreover,
there are reports suggesting that miR-34/449 family members
also serve as oxidative stress-responsive elements (98). In light of
that it becomes evident that miR-34/449 dysregulation could be
associated with increased germ cell apoptosis as well as with
increased oxidative stress in the testis of varicocele patients.
Notably, data also demonstrate that the levels of miR-34/449
family members are strongly associated with the severity of
impairment observed in semen parameters of varicocele
patients, highlighting their possible role as biomarkers for
properly categorizing these patients. In addition, miR-34/449
members may stand as a possible non-invasive and reliable tool.
This in the future could be employed to assist andrologists in
successfully assessing the reproductive potential of varicocele
patients subjected to surgical treatment, in a personalized,
patient-friendly and precise manner. However, future studies
are needed to verify the value of this hypothesis.

As discussed in previous sections of this manuscript, the miR-
34/449 family is implicated in several aspects of male infertility.
At this point, authors focused on presenting the current evidence
regarding the role of miR-34/449 family members on the
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pathophysiological mechanisms involved in azoospermia,
which represents by far the most severe expression of male
infertility. Azoospermia is characterized by the absence of
spermatozoa in the ejaculate and is a well-studied condition
(99). Data indicate that azoospermia is a multifactorial condition
caused by a wide variety of congenital, acquired, and idiopathic
factors, including genetic, anatomical, endocrine, as well as
environmental factors (100–102). However, for a large
proportion of azoospermic patients the exact causes of
azoospermia cannot be identified, a condition called idiopathic
azoospermia (103). Management of these patients is highly
challenging, especially with regards to NOA, where histological
examination of testicular tissues can reveal different types of
spermatogenic fai lure , ranging from a mild hypo-
spermatogenesis to complete loss of spermatozoa, a syndrome
called Sertoli Cell Only (SCO) syndrome (104, 105). Considering
the pathophysiology of azoospermia, data originating from
several studies indicate the possible role of several microRNAs
on the molecular basis of testicular impairment observed in this
condition (82, 106–108). Numerous studies indicate abnormal
expression patterns of several microRNAs in patients with
azoospermia (107, 109–111). Notably, miR-34/449 family
members seem to represent the most affected class of
microRNAs. In 2009 Lian and colleagues were the first to
examine the microRNAs’ profile in NOA patients and
discovered multiple alterations in the expression patterns of
several microRNAs in the testicular tissues obtained from these
patients. Results also highlighted that both miR-34b and miR-
449a were significantly under-expressed in NOA patients (109).
Following this evidence, a series of similar studies was conducted,
where more data on the distinct microRNA expression patterns
of azoospermic patients was sourced. In studies, where
microarray analysis was employed on testicular biopsies of
patients presenting with different subtypes of NOA diagnosis,
including SCO syndrome, mixed atrophy and germ cell arrest, it
was revealed that, in all of the aforementioned groups, both miR-
34b/c and miR-449a/b/c clusters were the most downregulated
class out of all the examined microRNAs (112). Interestingly,
miR-34b/c and miR-449a/b/c clusters seem to exert different
expression profiles according to the type of NOA. This is
indicated by the study of Munoz et al., where the reduction
observed in miR-34/449 levels was higher in patients with SCO
syndrome compared to patients that presented with maturation
arrest. These interesting findings suggest that miR-34/449 family
members exert significant regulating actions, which are a
prerequisite for germ cell differentiation, especially following
the beginning of meiosis during testicular development as well
as in adult spermatogenesis (19, 94). Other studies also highlight
these observations (82). At this point it is interesting to note that
despite the differences, NOA subgroups are sharing common
downregulated microRNAs, which underlies that NOA
conditions may possibly arise from identical molecular
alterations (107). To conclude, evidence suggest that miR-34/
449 family members play crucial roles on azoospermia
pathogenesis. Alterations of miR-34/449 expression patterns
are associated with impaired spermatogenesis, especially
July 2021 | Volume 12 | Article 709943

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Pantos et al. MicroRNA-34/449 Family and Male Infertility
following the stage, where meiotic divisions are initiated.
Expression patterns of the miR-34/449 family merit further
investigation to be showcased as an effective tool for better
categorizing NOA patients.

Regarding NOA caused by spermatogenic failure, the gold
standard management is sperm retrieval employing micro-
testicular sperm extraction (TESE). However, TESE fails to
ascertain a high percentage of success resulting in emotional
distress for couples (113). It is imperative to develop reliable and
non-invasive markers that could reflect not only testicular
histopathology, but that could accurately predict success of a
sperm retrieval. The miR-34 family members could be a
promising predictive molecule for the clinician alone or in
combination with other miRNAs. It is interesting to note that
when miR-34b and miR-10b were combined as predictive
biomarkers, the ROC curve analysis indicated a high predictive
diagnostic accuracy in distinguishing NOA from fertile
individuals (114). Additionally, Fang et al. investigated and
compared the microRNA profiles of NOA patients with
successful and unsuccessful sperm retrieval. They found that
the two groups had 180 differentially expressed microRNAs, with
miR-34 and miR-449 clusters being the most downregulated in
testicular biopsies and seminal plasma of the unsuccessful sperm
retrieval group (115). These significant data demonstrate that
these microRNAs could not only be used for the accurate
diagnosis of NOA, but also for prognosis of TESE effectiveness.
DISCUSSION

This review is all-inclusively presenting current data on the
implication of the miR-34/449 family members in male
infertility. Evidence provided is summarized in Figure 2 and
highlights that alterations in expression patterns as well as in
functionality of the miR-34/449 family members detrimentally
affect male reproductive potential, impairing both testicular
functionality as well as spermatogenesis per se.

In the present review authors highlight that altered miR-34/
449 expression patterns can cause defective ciliogenesis in the
efferent ductules epithelium, leading to progressive
spermatogenic failure, which could range from OAT to
azoospermia. In this case, spermatogenic failure is attributed to
testicular dysfunction, resulting from impaired reabsorption of
the seminiferous tubular fluids, which in turn leads to high
hydrostatic testicular pressure. These cases, where multicillia cell
dysfunction and efferent ductules obstruction occur, are
characterized by a unique phenotype, where abnormal semen
parameters and/or azoospermia co-exist with sperm aggregation
and agglutination, as well as with luminal enlargement. The
clinical significance of these findings is of paramount
importance, considering that these abnormalities resemble the
condition of NOA as well as of the SCO syndrome. Considering
the small size of the efferent ductules as well as the topographic
anatomy of this organ, we can assume that efferent ductules’
obstructions could-in some cases-be overseen, bypassed and
misdiagnosed. Indeed, there are reports indicating that patients
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presenting with immotile cilia syndrome also present with
azoospermia (116, 117). This could be attributed to the efferent
ductules’ obstruction in these patients, resulting to fluid
accumulation and subsequently generation of testicular
hydrostatic pressure. Proper diagnosis of these cases is of value
since surgical interventions may provide an effective way for
relieving hydrostatic pressure, aiming to improve testicular
functionality in order to recover sperm production and
restore-to some extent-male fertility (27).

This review further highlights data demonstrating that miR-
34/449 family members also constitute significant regulators of
spermatogenesis. These microRNAs control expression of several
regulatory proteins and are essential for proper transition of the
germ cells from the pro-meiotic to meiotic stages. Most
importantly, these microRNAs play crucial roles during the
final sperm maturation, and upon their dysregulation both
spermatozoa formation, as well as functionality are
jeopardized. Their added value becomes evident considering
that their expression is significantly correlated with semen
parameters, including spermatozoa concentration, morphology
and motility. In the future, these microRNAs may be employed
as specific biomarkers assisting clinicians to in diagnose, and
design an efficient management protocol. This may be of value
especially in cases of idiopathic male infertility. We herein also
demonstrate that miR-34/449 could not only be used to
distinguish fertile from infertile men, but also to perform a
non-invasive accurate diagnosis defining male infertility
etiology, especially regarding NOA patients. Today, male factor
infertility diagnosis and evaluation principally includes medical
history assessment, physical examination, hormonal assessment
and semen analysis. Under specific circumstances, further
assessment may be required, including genetic testing, imaging
analysis such as scrotal ultrasonography and specific semen
testing such as sperm DNA fragmentation testing (3).
However, and despite the great advances observed in the field
considering development of a variety of diagnostic tools, their
interpretation is often imprecise, subjective, vague and
inaccurate, highlighting the need for more precise diagnostic
tools (118). Data suggest that miR-34/449 members may serve as
such biomarkers.

Data summarized herein indicate that miR-34/449 family
members are implicated in male reproductive system
physiology and pathology. The question is “which
physiological mechanisms and factors regulate their expression
patterns?” In a recently published review, Ioannis Loukas and
colleagues summarize the current evidence with regard to the
molecular mechanisms and factors regulating miR-34/449
expression levels during ciliogenesis (119). Authors highlight
that both tumour suppressor protein P53 and E2 promoter
binding factor 1 (E2F1) stimulate miR-34/449 expression,
however their role during multiciliogenesis remains unclear
(119–121). The transcriptional domain-containing active p73
(TAp73) has been recently introduced as a master regulator of
multiciliogenesis process in several tissues and organs (119, 122,
123). This factor directly binds to miR-34b/c loci and
transactivates the expression of this specific microRNA cluster.
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However, it seems that p73 is differentially expressed among the
different multiciliated tissues, as its expression is not a
prerequisite for multicillia cell differentiation in either the
respiratory or the reproductive track epithelia (124). These
data support the hypothesis that alternative pathways have
been developed in diverse tissues to support multicillia cell
differentiation (119). Geminin superfamily and more
specifically GemC1 and McIdas have been recently introduced
as key-regulators of multiciliogenesis in the airway epithelium as
well as in the brain (37, 44, 125, 126). Interestingly, GemC1
constitutes a predicted miR-34/449 target, however their
complex interactions during ciliogenesis remain unclear (119).
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Considering the aforementioned, the possible role of Geminin
family during multicillia cell differentiation in other tissues and
organs, including the testis and the fallopian tubes, merits further
investigation. Focusing on testicular functionality, limited data
exist with regard to the upstream elements controlling miR-34/
449 expression patterns. It seems that two transcription factors,
namely cAMP-responsive element modulator t (CREM) and
SRY-box transcription factor 5 (SOX5), serve as upstream
regulators and are able to transactivate miR-449 cluster in the
mouse testes (19). Interestingly, both of these factors also
regulate male germ cell gene expression patterns, and their
dysregulation is strongly associated with severe male factor
FIGURE 2 | Summary of the role of miR-34/449 on male infertility. Alterations in the expression patterns as well as in functionality of miR-34/449 family members
detrimentally affect male reproductive potential, impairing both testicular functionality as well as spermatogenesis per se. On the one hand, impaired miR-34/449
expression patterns result to defective ciliogenesis in the efferent ductules epithelium, leading to impaired reabsorption of the seminiferous tubular fluids. Failed
reabsorption of the fluids in turns leads to epididymal spermatozoa agglutination and aggregation. In these conditions the number of spermatozoa reaching to caput
epididymis is significantly reduced and as a result the number of mature motile spermatozoa is significantly decreased causing OAT or even azoospermia. Impaired
ciliogenesis also leads to fluid accumulation into the rete testis, which in turns lead to high hydrostatic pressure into the testis. Hydrostatic pressure progressively
leads to spermatogenic failure, finally resulting to male infertility. On the other hand, alterations regarding miR-34/449 expression patterns also directly affect
spermatogenesis. Upon miR-34/449 dysregulation, the expression patterns of several spermatogenesis-related proteins are disrupted, preventing germ cells to
properly enter meiosis and thus to differentiate to mature spermatozoa. Moreover, miR-34/449 dysregulation also directly impairs spermatozoa formation and
maturation, mainly considering flagellum construction and function. Thus, alterations with regard to miR-34/449 expression patterns are directly associated with
impaired semen parameters, including abnormal spermatozoa concentration, morphology and motility. OAT, oligoasthenoteratozoospermia.
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infertility, such as NOA (127). In summary, investigation of the
upstream pathways controlling miR-34/449 expression patterns
in the testis may open a new line of investigation, unveiling
potential biomarkers as well as novel therapeutic targets, towards
better understanding and efficiently managing male infertility.

Considering the clinical perspective in addressing male
infertility, significant information could be retrieved by
analyzing miR-34/449 levels in both testicular tissues and
semen, namely predicting a successful sperm retrieval
following biopsy. The prognostic value of these microRNAs
could ascertain improvement of in vitro fertilization/
intracytoplasmic sperm injection (IVF/ICSI) outcomes,
reducing the cost as well as well as psychological discomfort
associated with male infertility (128). The significance of these
findings is highlighted, considering that infertility is not strictly a
medical issue but rather extends to social, psychological, and
even bioethical aspects. An infertility diagnosis impacts both
partners on various levels, entailing psychological distress and
financial strain as treatment may be costly. National Health
systems-where involved-may equally be financially burdened
(129, 130). The need to provide solutions through research in
addressing infertility, from diagnosis to treatment has been
thoroughly documented (129). Thus, identifying biomarkers
that allow proper patient categorization is a powerful tool in
the era of personalized and precision medicine.

Taking a closer look into the advanced insemination
techniques employed today to address male infertility, as part
of our cl inical routine tools we identify ICSI and
intracytoplasmic morphologically selected sperm injection
(IMSI), and development of accurate surgical interventions for
sperm collection direct from the testis, such as testicular sperm
aspiration (TESA) and TESE. These options have led clinicians
and clinical embryologists to successfully overcome several types
of male infertility, including the most severe namely
azoospermia. Coupled by high efficiency, these techniques were
quickly adopted by clinicians and fertility centers all over the
word (131). Despite several couples achieving their reproductive
goals employing these state-of-the-art techniques, it should be
highlighted that these techniques and methods have been
designed to merely bypass the barrier of male factor infertility,
albeit the exact infertility aetiology remains untreated. Several
reports highlight that perhaps availability and-to some extent-
overuse of these advanced techniques lessens the urgency for
investigating in depth treatment options, and improving male
fertility status at its core (132). Even though advanced assisted
reproductive technology (ART) techniques can circumvent male
infertility and provide solutions for fertilizing an oocyte,
nonetheless, the solution to properly address and treat male
infertility still eludes us. It appears that research is more clinically
driven and focused on addressing the “symptom”, rather than
investigating means to understand and treat the actual condition.
Providing clinically driven solutions fails to effectively address
male infertility in depth. This should be taken into consideration
as there is a great body of evidence suggesting that sperm quality
as well as paternal health at the time of conception could
significantly affect outcomes (133, 134). These outcomes range
Frontiers in Endocrinology | www.frontiersin.org 12106
from the IVF treatment’s efficiency, to embryo development,
pregnancy, and finally to the offspring’s’ health, and even the
children’s future reproductive potential (133, 134). Data also
indicate that harmful epigenetic modifications could be inherited
from damaged spermatozoa to the next generation (135). To add
to that, several studies suggest that embryos resulting from
spermatozoa of impaired quality are characterized by reduced
developmental and implantation potential, increasing the
incidence of pregnancy failure (136, 137).

Taking into account this critical analysis, it is of paramount
importance to focus not only on developing advanced
technologies aiming to override the barriers of male infertility,
but most importantly to focus on performing research to
understand male infertility pathophysiology in depth. Better
understanding the pathological basis of male infertility, in a
personalized and precise manner, and following on the concept
of individualization and precision could significantly assist the
reproductive scientist. Orienting research to develop higher
performance diagnostic and evaluating tools, will enable design
of accurate, targeted and efficient therapies, in order to
personalize patients’ management and finally to ensure the
health of future generations. Only by aspiring to understand
and treat the condition of male infertility itself, and not merely
bypass it, we may advance towards ascertaining health of the
next generations. It is this realization that fuels and justifies
research on identifying areas focusing on novel molecular aspects
of male infertility. This review uniquely presents the case of miR-
34/449 family members, all-inclusively describing their
involvement while showcasing their value in investigating and
addressing male infertility.
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Currently, the molecular mechanisms underlining male infertility are still poorly understood.
Our previous study has demonstrated that PIWI-interacting RNAs (piRNAs) are
downregulated in seminal plasma of infertile patients and can serve as molecular
biomarkers for male infertility. However, the source and mechanism for the
dysregulation of piRNAs remain obscure. In this study, we found that exosomes are
present in high concentrations in human seminal plasma and confirmed that piRNAs are
predominantly present in the exosomal fraction of seminal plasma. Moreover, we showed
that piRNAs were significantly decreased in exosomes of asthenozoospermia patients
compared with normozoospermic men. By systematically screening piRNA profiles in
sperms of normozoospermic men and asthenozoospermia patients, we found that
piRNAs were parallelly reduced during infertility. At last, we investigated the expression
of some proteins that are essential for piRNAs biogenesis in sperms and therefore
identified a tight correlation between the levels of spermatozoa piRNA and MitoPLD
protein, suggesting that the loss-of-function of MitoPLD could cause a severe defect of
piRNA accumulation in sperms. In summary, this study identified a parallel reduction of
piRNAs and MitoPLD protein in sperms of asthenozoospermia patients, which may
provide pathophysiological clues about sperm motility.

Keywords: infertility, piRNAs, exosome, sperm, MitoPLD
INTRODUCTION

Infertility is a prevalent health problem and affects nearly 15% of couples all over the world (1, 2).
Male factors contribute to about 50% of childless couples. As a complex disease, male infertility is
caused by a series of multifactorial genetic and environment factors, but the underlying molecular
mechanisms have not yet been elucidated (3–5).

piRNAs are approximately 26-31 nucleotides in length and expressed mainly in pachytene
spermatocytes and round spermatids in the testis of mammals (6–9). They are named PIWI-
interacting RNAs because of their close relationship with the PIWI subfamily members. Two
pathways for piRNA biogenesis have been identified: namely, primary and secondary pathways
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(10–12). The primary pathway is thought to produce piRNAs
(primary piRNAs) from long single-strand piRNA precursors,
which are derived from genomic regions called piRNA clusters.
The pathway about primary piRNAs generation is not well
studied, but a mitochondrial protein, MitoPLD (also known as
Zucchini or PLD6), a member of the nuclease/phospholipase D
family, has been proposed to function as an endonuclease to
generate the 5’ ends of piRNAs (13–15). In the secondary
pathway, piRNAs (secondary piRNAs) are produced by the
ping-pong amplification cycles from the 5’ portions of RNA
fragments cleaved by PIWI-piRNA complexes. The piRNAs
from primary and secondary pathway guide each other’s
production in the ping-pong cycle to accelerate production of
piRNAs (12, 16, 17). Currently, the main proposed function of
piRNAs is to protect the germline and gonadal somatic cells and
to avoid transposable elements related harmful expression and
thus maintains the genomic integrity of germ cells. Increasing
evidence has also shown that piRNAs may be involved in post-
transcriptional regulation of protein-coding genes (18–20).
Because of the diverse and pivotal roles of piRNAs in the male
reproductive system, the dysregulation and dysfunction of
piRNA often cause male infertility.

Since piRNAs are specifically expressed in germ-cell and
essential for spermatogenesis, it is not surprising to find that
the levels of spermatozoa piRNAs are directly correlated to
semen quality and male fertility. We have previously shown
that the concentration of seminal plasma piRNAs were
significantly decreased in infertile patients compared with the
normozoospermic men. Several specific piRNAs in seminal
plasma were even identified as molecular biomarkers for male
infertility (3). However, the source of seminal plasma piRNAs
remains elusive, and the cause of massive reduction of piRNAs in
seminal plasma of infertile patients has not been definitively
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identified. Extracellular RNA profile in human semen was
comprehensively characterized in a recent study and a great
number of small RNAs were found within seminal exosomes
(21). Thus, it is rational to speculate that piRNAs in seminal
plasma are mostly derived from the secretion of exosomes from
the male germ cells. In this study, we validated that a majority of
piRNAs were present within the exosomal fraction of seminal
plasma. Moreover, we showed the piRNAs’ types and levels were
significantly decreased in the sperms of asthenozoospermia
patients compared with those in normozoospermic men.
Finally, we identified a tight correlation between the levels of
spermatozoa piRNA and MitoPLD protein, suggesting that the
loss-of-function of MitoPLD could cause severe defects in the
piRNA accumulation in sperms.
MATERIALS AND METHODS

Semen Samples
Semen samples were provided from Nanjing Drum
Tower Hospital, and all protocols in this study were
approved by the Medical Ethics Committee of Hangzhou
medical college and Nanjing Drum Tower Hospital. Informed
consents were signed by both normozoospermic men
volunteers and asthenozoospermia patients before sample
collection for the further study. The study recruited 42
asthenozoospermia patients with infertility more than 2 years
and 41 normozoospermic men volunteers who conceived
naturally within 1-2 years. The demographic characteristics of
all tested persons were listed in Table 1. The volunteers in this
study did not receive any treatment, semen samples were analyzed
in the Reproductive Laboratory of Nanjing Drum Tower Hospital.
TABLE 1 | Demographic and clinical features of the Asthenospermia patients and normozoospermic mena.

Variables (sequencing set) Normozoospermic men (n=10) Asthenospermia patients (n=10) P-Valueb

Average age,years 28.4 (2.41) 29.9 (3.57) 0.2789
Sexual abstinence time,days 4.1 (0.74) 3.9 (0.88) 0.5554
Semen parameters
pH 7.53 (0.28) 7.44 (0.16) 0.2869
Total volume,mL 4.62 (6.71) 4.22 (0.77) 0.2003

Sperm parameters
Sperm density,×106/mL 47.84 (14.23) 43.37 (10.34) 0.4916
Sperm viability,% 70.39 (4.94) 12.75 (7.03) 3.18×10-9

Progressive motility (PR)e 51.9 (7.09) 5.99 (4.46) 6.36×10-8

Variables (validation set) (n=31) (n=32)
Average age,years 31.29 (5.72) 29.44 (4.84) 0.1711
Sexual abstinence time,days 4.03 (0.66) 3.88 (0.66) 0.3472
Semen parameters
pH 7.34 (0.19) 7.44 (0.19) 0.0655
Total volume,mL 4.68 (1.02) 4.16 (1.70) 0.1038

Sperm parameters
Sperm density,×106/mL 49.13 (8.86) 44.11 (8.85) 0.0916
Sperm viability,% 67.98 (8.3) 15.46 (6.94) 　7.14×10-35

Progressive motility (PR)e 50.2 (8.21) 10.88 (5.34) 3.34×10-28
July 2021 | Volume 12 | A
aData are presented as mean (SD).
bNormozoospermic men vs Asthenozoospermia patients.
ea,rapid progressive motility.
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Sample Preparation
Semen samples obtained through by masturbation after 3-5 days
of abstinence and then were transferred into a 15 mL centrifuge
tube (Corning) and liquefied for 30 min at 37°C. Sperm
concentration and viability were assessed by Sperm analysis
system (SAS medical). Routine semen analysis was based on
the World Health Organization (WHO) criteria (22). The
sperms isolated from semen samples by centrifuging at 3000
rpm for 5 min at room temperature were resuspended in PBS
and stored at -80°C for further protein analysis.

Isolation of Exosomes From
Seminal Plasma
Differential centrifugation was employed to isolate exosomes
from seminal plasma that was obtained by centrifuging semen
samples (850 g, 5min at room temperature). In brief, cell debris
was removed by spinning at low speed (3,000 g, for 30 min) at the
first step. Then, the shedding vesicles and the other larger vesicles
were removed by centrifugation at 10,000 g for 30 min. Finally,
the exosome pellets were collected by centrifugation at 110,000 g
for 70 min, and then re-suspended in PBS buffer, and the
supernatant was kept as exosome-free seminal plasma. All
procedures steps carried out at 4°C.

Transmission Electron Microscopy
Assay (TEM)
The morphology of exosome was imaged by TEM. Briefly, the
exosome pellet was fixed in 2.5% glutaraldehyde overnight at
4°C, and then was rinsed with PBS and post-fixed with 1%
osmium tetroxide for 1 h at room temperature. Then the
exosome pellet was embedded in 10% gelatin and fixed with
glutaraldehyde at 4°C and carved into blocks. Subsequently, the
exosome pellet was dehydrated by incubation for 10 min with
graded alcohol series (30%, 50%, 70%, 90%, 95%, and 100%, 3
times), then the samples were incubated with propylene oxide,
and infiltrated with increasing concentrations of Quetol-812
epoxy resin mixed with propylene oxide (25%, 50%, 75%, and
100%). At last, exosome samples embedded in pure, fresh
Quetol-812 epoxy resin and polymerized increasing
temperature for 12-24 h (35°C for 12 h, 45°C for 12 h, and
60°C for 24 h), were cut into ultrathin sections using Leica UC6
ultramicrotome, and stained with uranyl acetate (10 min) and
lead citrate (5 min) at room temperature. The samples were
imaged with TEM (FEI Tecnai T20) at a voltage of 120 kV.

Illumina High-Throughput Sequencing
Total RNA from pooled sperm samples of normozoospermic men
and asthenozoospermia patients (each pooled from 10
individuals) was prepared using TRIzol Reagent (Takara, Dalian,
China). About 1~2 mg of quantified total RNA was performed
high-throughput sequencing on Illumina NextSeq500 system
according to the manufacturer’s instructions. The sequences
corresponding to known piRNAs after data analysis were
determined by perfect sequence matching to the piRNA
database piRNABank (http://pirnabank.ibab.ac.in/). All data
have been uploaded to the GEO database (Accession
number: GSE172486).
Frontiers in Endocrinology | www.frontiersin.org 3113
RNA Isolation and qRT-PCR Assays
TRIzol Reagent (TaKaRa, Dalian, China) was used to isolate total
RNA from sperm, exosome and exosome-free seminal plasma.
Briefly, sperms derived from 1ml of semen, exosome from 100 ml
of seminal plasma and 100 ml of exosome-free seminal plasma
were mixed with 1 ml TRIzol, after being vortexed vigorously for
10 s, the mixture was incubated with 200 ml of chloroform for
10 min on ice, The RNA containing phase was then transferred
to a fresh RNase-free tube after centrifugation at 16,000 g for
20 min at 4°C, Then the supernatant was incubated with equal
volume of isopropanol at -20°C for 1.5 h to precipitate RNA. The
isolated RNA was collected by centrifugation (16,000 g, 4°C,
20 min), was then washed rinsed once with 75% ethanol and
dried for 20 min at room temperature. Finally, the RNA was
dissolved in 20 ml RNase-free H2O and stored at -80°C for
further analysis.

Total RNA (2 ml) was reverse transcribed to cDNA using AMV
reverse transcriptase based on the manufacturer’s instruction.
Then, 1 ml of cDNA was used for subsequent qRT-PCR analysis
on a Roche LightCycler 480 PCR system. Taqman piRNA probes
(GenePharma, Shanghai, China) was used to measure the piRNA
level in this study. All reactions were performed in triplicate.
RNU6-6P was used as an internal control.

Protein Extraction and Western Blotting
Sperms were lysed in RIPA lysis buffer with freshly added PMSF
for 30 min on ice, and sonication (Sonics&materials Inc.VCX
130 PB) was used to facilitate sperm cell disruption, Insoluble
debris were removed by centrifugation at 16,000 g, 4°C for
10 min. The protein concentration was quantified using a BCA
proteinassay kit (Thermo Scientific, Rockford, IL, USA). The
expression of indicated proteins were detected using their
specific antibodies, including anti-MitoPLD antibody
(ab170183) and anti-PIWIL1 (ab12337) purchased from
Abcam (Cambridge, MA, USA), b-actin antibody (sc-69879)
was served as the reference, which purchased from Santa Cruz
(Dallas, TX, USA). Western blot image acquisition was
performed using the Bio-Rad ChemiDoc imaging system, and
Image J was used for densitometric analysis.

Statistical Analysis
All images are representative of at least three different
experiments. The data shown are the mean ± SE of at least
three independent experiments. Student’s t-test was used for
statistical analysis and p value < 0.05 (indicated by *), < 0.01
(indicated by **) or < 0.001 (indicated by ***) were considered
statistically significant.
RESULTS

Characterization of Exosomes From
Seminal Plasma
We purified exosomes from seminal plasma of normozoospermic
men and asthenozoospermia patients by ultracentrifugation and
examined the particle size and morphology by transmission
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electron microscopy. Under electron microscopy, the
exosomes isolated from both normozoospermic men and
asthenozoospermia patients appeared as lipid bilayer-bound
single and small clumps of particles of 30-150 nm in diameter,
consistent with the expected size range of exosomes (Figure 1A).
The exosomes isolated from normozoospermic men and
asthenozoospermia patients were further identified by the
presence of equal amounts of universal exosomal markers
(CD63 and TSG101) based on immunoblotting (Figure 1B).
Moreover, the particle size and concentration of exosomes were
determined by nanoparticle tracking analysis. Exosomes from
normozoospermic men had an average diameter of 123 nm,
most exosomes (> 85%) range from 80 to 150 nm, and the
concentration of exosomes was 2.89×109 particles/mL
(Figure 1C). For exosomes from asthenozoospermia patients,
the mean diameter was 121 nm, and the concentration was
3.0×109 particles/mL (Figure 1D). The results confirmed that
exosomes were present in high concentrations in human seminal
plasma, but the size range and concentration of exosomes were not
Frontiers in Endocrinology | www.frontiersin.org 4114
differentially present between normozoospermic men and
asthenozoospermia patients.

Differentially Expressed piRNAs in Seminal
Plasma Exosomes
A previous study has identified a great amount of small RNA in
the exosomal fraction of seminal plasma (21). In this study, we
determined to compared the ratio of piRNA levels in exosomes
to that in exosome-free seminal plasma. We selected piR-1207,
piR-2107, piR-5937 and piR-5939 as the representative piRNAs
and measured their levels in exosomes and exosome-free seminal
plasma by quantitative RT-PCR assay because our previous study
have identified these piRNAs as the significantly downregulated
piRNAs in seminal plasma of asthenozoospermia patients
compared with normozoospermic men (3). piR-1207, piR-2107,
piR-5937 and piR-5939 were mainly stored in exosomes
(Figure 2A), suggesting that the majority of piRNAs were
present in exosomal fraction of seminal plasma. Meanwhile, we
also compared the levels of these piRNAs in exosomes between
A B

D

C

FIGURE 1 | Particles isolated from seminal plasma exhibit the characteristic features of exosomes. (A) Representative transmission electron micrographs of
exosomes. (B) Western blots on exosomes using antibodies against the common exosomal markers CD63 and TSG101. (C, D) Representative particle size
distribution profiles from seminal plasma of normozoospermic men and asthenozoospermia patients.
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normozoospermic men and asthenozoospermia patients. The
result proved that piR-1207, piR-2107, piR-5937 and piR-5939
were significantly reduced in exosomes from asthenozoospermia
patients compare with the normozoospermic men (Figure 2B).
These results indicated that the reduction of piRNAs in
exosomes contributed to the reduction of piRNAs in seminal
plasma of asthenozoospermia patients.

Profiling Sperm piRNAs by
High-Throughput Sequencing
Although piRNAs were significantly reduced in exosomes of
asthenozoospermia patients, the source and mechanism for the
dysregulation of piRNAs remain obscure. piRNAs are expressed
abundantly in pachytene spermatocytes and round spermatids
(23). Given that exosomes are likely secreted from multiple
cellular sources in the male genital tract, we speculate that
piRNAs may be actively secreted from spermatocytes during the
spermatogenesis process. However, it is very difficult to get
spermatocytes from asthenozoospermia patients. Alternatively,
we systematically characterized the piRNA profiles in mature
sperms. Total RNA was extracted from pooled sperm samples of
Frontiers in Endocrinology | www.frontiersin.org 5115
normozoospermic men and asthenozoospermia patients (each
pooled from 10 individuals), and was qualified by agarose gel
electrophoresis and quantified using Nanodrop. Subsequently,
commercial kit was used for piRNA-seq library preparation,
which includes 3’-adapter and 5’-adapter ligation, cDNA
synthesis and library PCR amplification. The prepared
piRNA-seq libraries were finally quantified using Agilent
BioAnalyzer 2100, then sequenced by using Illumina NextSeq
500. After removing 5’and 3’ adaptor sequences and aligned to
the piRBase, a total of 8,245,354 and 4,220,714 reads of piRNAs
were obtained in the sperm of normozoospermic men group
and asthenozoospermia patient group, respectively (Figure 3A).
Moreover, the types of piRNAs were decreased from sperm of
normozoospermic men group (17657) to asthenozoospermia
patient group (15742) (Figure 3B). Analysis of the length
distribution revealed that sperm of normozoospermic men
group and asthenozoospermia patient group contained a
number of small RNAs with size that was consistent with
common the size of piRNAs (25–32 nucleotides) (Figures 3C,
D). Next, we narrowed the list of piRNAs. Firstly, we narrowed
down and selected 33 known highly expressed piRNAs under
the condition of sequencing reads are larger than 20000 in the
group of normozoospermic men, Heatmap analysis was
performed based on these criteria, the result showed that 17
piRNAs have at least 2-fold higher reads in normozoospermic
men group than in the asthenozoospermia patient group
(Figure 3E, Supplementary Table 1). Subsequently, we
compared asthenozoospermia patient group with the
normozoospermic men group by scatter plots with the
following parameters: sequencing reads are larger than
1000 in the group of normozoospermic men. The result was
shown in Figure 3F and Supplementary Table 2, indicating a
remarkable different expression level of piRNAs between
asthenozoospermia patient group and normozoospermic men
group. Generally, the comparison among the sperm piRNA
profiles revealed a considerable reduction of sperm piRNAs in
asthenozoospermia patients relative to normozoospermic men
(from 8,245,354 to 4,220,714 reads and from 17,657 to 15,742
types of piRNAs).
Individual Quantification of Sperm piRNAs
by Quantitative RT-PCR
Next, a TaqMan probe-based quantitative RT-PCR assay was
performed to measure the presence of piRNAs in individual
samples. The representative piR-1207 and piR-2107 were assessed
in sperm samples of 20 normozoospermic men and 20
asthenozoospermia patients. Consistent with the results from
deep sequencing, piR-1207 and piR-2107 levels were markedly
downregulated in sperm of asthenozoospermia patients
(Figures 4A, B). We further performed receiver-operating
characteristic (ROC) curve analysis to assess the usefulness of
piR-1207 and piR-2107 in discriminating asthenozoospermia
patients from normozoospermic men. ROC curve analysis for
piR-1207 revealed an AUC of 0.845 and an optimal cut-off value
of 1717.93 with a corresponding sensitivity of 70.0% and
specificity of 95.2% (Figure 4C), and for piR-2107 revealed an
A

B

FIGURE 2 | Exosomes contain piRNAs and differential presence of piRNAs
between asthenozoospermia patients and normozoospermic men.
(A) Quantitative RT-PCR analysis of piR-1207, piR-2107, piR-5937 and piR-
5939 in exosomes and exosome-free seminal plasma. (B) Quantitative RT-
PCR analysis of piR-1207, piR-2107, piR-5937 and piR-5939 in exosomes
from asthenozoospermia patients and normozoospermic men. *p < 0.05;
**p < 0.01; ***p < 0.001
July 2021 | Volume 12 | Article 696121

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Hong et al. piRNAs and MitoPLD Are Reduced
AUC of 0.93 and an optimal cut-off value of 7476.52 with a
corresponding sensitivity of 85% and specificity of 90%
(Figure 4D). These results showed that piR-1207 and piR-2107
could serve as valuable indicators for distinguishing
asthenozoospermia patients from normozoospermic men.

Expression Level of MitoPLD Is Decreased
in Asthenozoospermia Patient Sperms
Since the biogenesis and function of piRNA is tightly associated
with that of the PIWI protein subfamily, and MitoPLD is essential
for the creation of the 5’ ends of primary piRNAs, the marked
reduction of mature piRNAs in sperm of asthenozoospermia
patients suggested the dysfunction or loss of expression of these
essential enzymes in sperms. Therefore, wemeasured the expression
level of MitoPLD and PIWIL1 in the sperms of normozoospermic
men and asthenozoospermia patients. The results revealed that the
Frontiers in Endocrinology | www.frontiersin.org 6116
expression of MitoPLD protein was significantly reduced in
asthenozoospermia patient sperms (Figures 5A–C). In contrast,
the alteration of PIWIL1 in asthenozoospermia patient sperms was
irregular, PIWIL1 expression level were increased in the sperms of
some asthenozoospermia patients (6 out of 11 patients), but were
significantly decreased in 5 patients (Figures 5D–F).
DISCUSSION

Although piRNAs have been found to have obvious expression in
germ cells across various animal species, specifically in male
germ cells of mammals, researches related to their detailed
function and mechanism remain obscure. Up to now, what
is becoming clear is that piRNAs are participate in
posttranscriptional regulation of protein-coding genes as well
A B C

E F

D

FIGURE 3 | The analysis of high-throughput sequencing of piRNAs in sperms from asthenozoospermia patients and normozoospermic men. (A, B) Total
sequencing reads (A) and types (B) of piRNAs were decreased in sperms of asthenozoospermia patients compared with those in normozoospermic men.
(C, D) The distribution of small RNAs of various lengths (25-32 bp) measured by high-throughput sequencing in sperms. (E, F) The heatmap (E) and scatter plots
(F) analysis of sequencing reads of piRNAs between asthenozoospermia patients and normozoospermic men.
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as in the repression of retrotransposons and are indispensable for
male fertility, and a recent study showed that PIWI/piRNA
pathway genes repression by hypermethylation is probably
contributed to unsuccessful spermatogenesis (24). These results
suggest that the critical role and function of piRNAs during
spermatogenesis process has been well documented, whether
piRNAs in sperm may regulate sperm motility remain largely
unknown. Increasing studies have shown that miRNAs
expressed in mature sperm could regulate sperm motility (25,
26). In contrast to miRNAs, piRNAs were just discovered in
2006, and the biogenesis and functions remain largely
unexplored. However, piRNAs are known to be much more
abundant and germ cell-specific than miRNAs, suggesting that
piRNAs may potentially play a more fundamental role in
regulating the sperm motility. In this study, we found that
piRNAs were enriched in sperms and observed that a massive
amount of piRNAs were lost in sperms of asthenozoospermia
patients. Furthermore, ROC curve analysis revealed a strong
relationship between the low presence of sperm piRNAs and
asthenozoospermia patients, suggesting that sperm piRNAs may
be essential for sperm motility. The biological roles of these
piRNAs in sperm motility with male infertility, which may
provide some pathophysiological clues for the molecular
mechanisms of this disease, call for further investigations.
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Based on their biogenesis models, they are typically classified
into two groups: the primary processing pathway and amplification
loop (secondary processing pathway). MitoPLD, a mitochondria-
anchored endonuclease belonging to the member of the
phospholipase D superfamily proteins, is conserved among
diverse species and is implicated in the primary processing
pathway of piRNAs. MitoPLD is previously known to be a
phospholipase that hydrolyzes cardiolipin to generate
phosphatidic acid and is involved in the regulation of
mitochondrial morphology (27, 28). MitoPLD is also implicated
in the formation of nuage (also known as inter-mitochondrial
cement or chromatoid body), which works as a pivotal
cytoplasmic structure comprising most piRNA-related proteins
(15, 27). Surprisingly, MitoPLD was found to be essential to
piRNA biogenesis. MitoPLD acts as an endonuclease and
conducts the first cleavage of piRNAs precursors to generate the
5’ ends of secondary piRNAs, and then the cleaved piRNAs are
transferred to PIWI proteins to trigger the secondary piRNA
processing pathway (29, 30). Knockout of MitoPLD abolishes the
majority of piRNA in male germ cells and resulted in transposon
activation and arrest of spermatogenesis, characteristic phenotypes
of piRNA pathway mutants (12).In this study, we measured the
expression levels of MitoPLD in sperms of normozoospermic men
and asthenozoospermia patients and found that MitoPLD protein
A B

C D

FIGURE 4 | Differential presence of piRNAs from sperms between asthenozoospermia patients and normozoospermic men and ROC curve analysis. (A, B) The relative
level of piR-1207 and piR-2107 were determined by quantitative RT-PCR in the sperms of asthenozoospermia patients (n=20) compared with those in the sperms of
normozoospermic men (n=20). (C, D) ROC curve for the piR-1207 (C) and piR-2107 (D) to separate asthenozoospermia patients from normozoospermic men.
**p < 0.01; ***p < 0.001
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was significantly downregulated in sperms of asthenozoospermia
patients. Massive reduction of piRNAs in the sperms of
asthenozoospermia patients may be caused, at least in part, by the
parallel reduction of MitoPLD protein in sperms. Further studies
are required to investigate whether dysregulation or dysfunction of
MitoPLD is involved in the pathology of infertility.

Exosomes are nano-sized vesicles with a diameter ranging
between 30 and 150 nm. Released by multiple cell types,
exosomes are present in a variety of body fluids and can
transfer bioactive molecules (e.g., proteins, lipids and nucleic
acids) between neighboring and distant cells (31). Scientists
have reached a consensus that exosomes play a key role in
intercellular communication via the horizontal transfer of
miRNAs. However, the presence of piRNAs in exosomes has
only currently been noted. A recent study has shown that a
large number of small RNAs (including miRNAs and piRNAs)
were contained and protected within seminal exosomes (21). In
this study, we also identified a majority of piRNAs in the
seminal exosomes. In addition, we found that piRNAs in
seminal exosomes of asthenozoospermia patients were
significantly decreased compared with normozoospermic
men. However, it has not been established yet if the piRNA
in seminal exosomes can have regulatory functions in the
recipient cells and act as a new role in the intercellular
communication system. Future studies are needed to
Frontiers in Endocrinology | www.frontiersin.org 8118
characterize the functions of piRNAs in seminal exosomes
and to investigate the role of communicators of exosomal
piRNAs in the microenvironment of genital tract.

In conclusion, we systematically characterized the piRNA profiles
in sperms of normozoospermic men and asthenozoospermia patients
and found that the amounts of piRNAs were significantly decreased
in the sperms of asthenozoospermia patients.We also investigated the
mechanism for the dysregulation of piRNAs in sperms and revealed
that the parallel reduction of MitoPLD may be the cause and
consequence of male infertility.
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Background: Kallmann syndrome (KS) is a rare developmental disorder. Our previous
metabolomics work showed substantial changes in linoleic acid and glycerophospholipid
metabolism in KS. Here, we performed targeted lipidomics to further identify the differential
lipid species in KS.

Methods: Twenty-one patients with KS (treatment group) and twenty-two age-matched
healthy controls (HC, control group) were enrolled. Seminal plasma samples and medical
records were collected. Targeted lipidomics analysis of these samples was performed
using ultraperformance liquid chromatography-quadrupole time-of-flight mass
spectrometry (UPLC-QTOF-MS).

Results: Lipidomics profiling of patients with KS and the HCs showed clear separation in
the orthogonal projections to latent structures-discriminant analysis (OPLS-DA). There
were many differential lipids identified, with the main differential lipid species being
triacylglycerols (TAGs), phosphatidylcholines (PCs) and phosphatidylethanolamine (PE).

Conclusions: The lipidomics profile of patients with KS changed. It was also determined
that TAGs, PCs and PE are promising biomarkers for KS diagnosis. To our knowledge,
this is the first report to analyze lipidomics in men with Kallmann syndrome.

Keywords: targeted lipidomics, Kallmann syndrome, biomarker, rare disease, UPLC-MS/MS
INTRODUCTION

Kallmann syndrome (KS) is a genetic disorder characterized by hypogonadotropic hypogonadism
accompanied by anosmia or hyposmia, which is caused by congenital gonadotropin-releasing
hormone (GnRH) deficiency and olfactory bulb hypoplasia (1). KS is a rare disease that can be
familial or sporadic. KS has genetic heterogeneity, including three methods of inheritance:
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autosomal recessive inheritance, autosomal dominant
inheritance, and X-linked recessive inheritance (2, 3).
Currently, it is challenging for doctors to match genetic
mutations to phenotypes, leading to the difficult diagnosis of
KS (4–6).

Metabolomics is an emerging “omics” method that
quantitatively analyzes metabolites with a molecular mass of less
than 1,000 and finds the relative relationship between pathological
changes and metabolites (7). It is an integral part of systems biology
and has been used to develop biomarkers of seminal fluid in men
with male factor infertility (8–11). The reported potential
biomarkers in seminal plasma in male infertility include fatty
acids, oxidative stress (OS)-related metabolites and amino acids.
Of note, omega-3 supplements might improve semen quality
parameters in men with infertility and men from couples seeking
fertility treatment (9). Our previous metabolomics study also
showed that linoleic acid and glycerophospholipid metabolism are
the main affected pathways in patients with KS (12). To further
clarify the lipid species, we performed targeted lipidomics analysis of
seminal plasma.
MATERIALS AND METHODS

Participants
All subjects participating in this study were volunteers recruited
from the Peking Union Medical College Hospital (PUMCH)
from January 2020 to October 2020. The recruited series
included 21 KS and 22 HC. The clinical evaluations and
hospital records of all participants were collected (Table 1).

KS is a developmental disorder characterized by
hypogonadotropic hypogonadism accompanied by anosmia (21/
21). Diagnosis is made by an experienced doctor according to
examination results. The diagnostic criteria of KS included the
following: (a) patients with absent/incomplete puberty by the age of
Frontiers in Endocrinology | www.frontiersin.org 2122
18; (b) serum T ≤100 ng/dl with low or normal serum gonadotropin
levels; (c) normal hypothalamic–pituitary region magnetic
resonance imaging (MRI); (d) normal pituitary–adrenal/pituitary–
thyroid/pituitary–IGF-1 axis function; and (e) anosmia or hyposmia
(6). An age-matched control group (healthy volunteers) with
normal semen parameters was recruited from PUMCH. Semen
samples were produced bymasturbation after ≥3 days of abstinence.
Materials and Instrument
The SPLASH LIPIDOMIXMass Spec Standard was fromAVANTI.
Chromatographic grade methanol and methyl tert-butyl ether
(MTBE) were purchased from the CNW Technologies, Shanghai,
China. The Lipidyzer TM was from the AB Sciex Pte. Ltd.,
Massachusetts, United States. Chromatographic grade ammonium
acetate, dichloromethane and isopropanol were obtained from the
MerckCompany,Darmstadt,Germany.TheSCIEXExionLCsystem
was coupled to a SCIEX QTrap 6500+ (AB Sciex Pte. Ltd.,
Massachusetts, USA). ACQUITY UPLC HSS T3 (2.1 ∗ 100 mm,
1.8 mm, Waters Corporation, Milford, MA, USA) was used for
lipidomics analysis.
Sample Collection
The preparation before sampling, blood sample collection and
specimen processing were conducted according to IFCC/C-RIDL
protocols. Fasting blood samples were taken via venipuncture
into Vacuette tubes containing procoagulant, and within 15–30
min after sample collection, the samples were centrifuged at
1,200×g for 10 min.

A semen sample from each participant was obtained by
means of masturbation and ejaculation directly into
noncytotoxic sterile containers. Freshly collected semen was
liquefied for 30–60 min at room temperature and processed
within 1 h of ejaculation for analysis of the sperm characteristics
according to the criteria published by the WHO. The samples
TABLE 1 | Clinical characteristics of all participants.

Parameter Patients with KS (n = 20) Healthy controls (n = 23) Normal reference ranges

Age at diagnosis (years), mean ± SD 22.2 ± 5.1 24.3 ± 8.4 –

Olfactory (anosmia) 21/21 Negative Negative
Deafness 2/21 Negative Negative
Cryptorchidism 2/21 Negative Negative
Gynecomastia 5/21 Negative Negative
Agenesis of kidney 1/21 Negative Negative
Semen non-liquefaction 13/21 0/23 liquefaction
Semen condensed 12/21 0/23 Negative
Sperm count (million) 13.9 ± 21.5 367.4 ± 206.1* ≥39
Sperm concentration (million/ml) 5.7 ± 9.8 102.8 ± 57.2* ≥15
Sperm motility (%) 7.4 ± 9.8 67.1 ± 11.1* ≥40 (PR + NP)
Seminal fructose (Positive) 17/17 17/17 Positive
FSH (IU/L) 1.27 (0.62–2.64) 5.61 (1.95–16.32)* 1.27–19.26
LH (IU/L) 0.33 (0.16–1.66) 3.93 (1.67–7.42)* 1.24–8.62
T (ng/ml) 0.55 (0.31–2.79) 4.22 (2.24–7.30)* 1.75–7.81
PRL (ng/ml) 7.49 (6.75–11.25) 6.98 (4.71–10.24) 2.6–13.1
E2 (pg/ml) 18 (8–31) 20 (9–34) <39
July 2021 |
FSH, follicle-stimulating hormone; LH, luteinizing hormone; T, testosterone; E2, estradiol; PRL, prolactin.
*Indicates p <0.05.
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were centrifuged at 1,200×g for 10 min and frozen at −80°C to
obtain 200 ml of seminal plasma.

Laboratory Assays
All sex hormones were measured using an automated
chemiluminescence immunoassay analyzer (Beckman Coulter
UniCel DXI 800, Beckman Coulter; Brea, CA, USA) using the
corresponding reagents, calibration materials and quality control
materials. Sperm motility and concentration assessments were
performed using computer-assisted sperm analysis systems
(Suiplus SSA-II, Suiplus Software Co. Ltd.; Beijing, China). The
microscope used with SSA-II was a Nikon 80i with a 20-
phase objective.

Sample Preparation for
Metabolomics Profiling
Ten microliters of the seminal plasma was mixed with 190 ml of
water in a sterile 1.5 ml Eppendorf tube, and 480 ml of extract
solution (MTBE/MeOH = 5:1) with internal standard was added.
The samples were vortexed for 60 s and sonicated for 10 min in
an ice water bath. Then, the samples were centrifuged at 3,000
rpm for 15 min at 4°C, and 250 ml of supernatant was transferred
to a fresh tube. Another 250 ml of MTBE was added to the rest of
the sample, and the extraction step was repeated twice. The
combined supernatants were freeze-dried and resuspended in
100 ml of DCM/MeOH/H2O (60/30/4.5) by sonication on ice for
10 min. The samples were centrifuged at 12,000 rpm for 15 min
at 4°C, and 30 ml of the supernatant was transferred to a fresh
glass vial for liquid chromatography-mass spectrometry (LC/
MS) analysis.

Quality Control
The quality control (QC) sample was prepared by mixing 15 ml of
the supernatants from all of the seminal plasma samples. The QC
sample was stored at −80°C and used according to the sequence.

LC-MS/MS Analysis
A SCIEX ExionLC series UHPLC System was used to perform
ultrahigh-performance liquid chromatography (UHPLC)
separation. Mobile phase A consisted of water/acetonitrile
(40%/60%) with 10 mmol/L ammonium acetate. Mobile phase
B consisted of acetonitrile/isopropanol (10%/90%) with 10
mmol/L ammonium acetate. A gradient elution procedure was
used (0.0–16.0 min, 80–2%mobile phase A; 16.01–18.0 min, 80%
mobile phase A). The autosampler temperature was set as 6°C,
and the injection volume was set as 2 ml. The column
temperature was 40°C. The flow rate was set as 0.3 ml/min.

Assay development was performed with an AB Sciex QTrap
6500+ mass spectrometer. The ion spray voltage was +5,500/−4,500
V, ion source gas 1 was 50 psi, ion source gas 2 was 50 psi, the DP
was ±80 V, the curtain gas was 40 psi, and the temperature was
350°C.

Data Processing and Multivariate
Data Analysis
Quantification of the target compounds was performed with
Skyline 20.1 software. The absolute content of the individual
Frontiers in Endocrinology | www.frontiersin.org 3123
lipids was calculated based on the peak area corresponding to the
internal standard (IS) of the identical lipid class.

Statistical Analysis
Experimental values are expressed as the mean ± SD. SIMCA
software was used to perform statistical analysis. Variable
importance in the projection (VIP) >1 and p <0.05 (Student’s t
test) were used to screen the significance of metabolite levels. A
Euclidean distance matrix was calculated to cluster the
differential lipids with a complete linkage method.
RESULTS

Baseline Clinical Characteristics of
Patients With KS
All of the patients were ethnically Han Chinese (100%). Their
average age was 22.2 ± 5.1 years old. All of the patients showed
anosmia (21/21), and many patients had semen non-liquefaction
(13/21) and condensed semen (12/21). Patients with KS showed
lower sperm counts (13.9 ± 21.5 ∗ 106), sperm concentrations
(5.7 ± 9.8 ∗ 106/ml) and sperm motility (7.4 ± 9.8%). The serum
follicle-stimulating hormone (FSH), luteinizing hormone (LH)
and testosterone (T) levels were significantly lower in the patients
with KS than those in the control group (Table 1).

Seminal Plasma Lipidomics
We analyzed the lipidomics data to discover lipid species related
to KS. The effects of high variance of the variables and noise were
minimized using scaled and logarithmic transformations.
SIMCA software (V16.0.2, Sartorius Stedim Data Analytics AB,
Umea, Sweden) was used to generate orthogonal projections to
latent structures-discriminant analysis (OPLS-DA) plots
(Figure 1). The OPLS-DA chart shows that the separation of
the control group (HC, red) and the treatment group (patients
with KS, blue) had a small overlap. Furthermore, a volcano plot
was used to screen the statistically significant lipids (Figure 2),
and blue dots indicate the presence of significantly
downregulated metabolites in patients with KS. The value of
the first principal component from the OPLS-DA analysis was
obtained. The criterion of significantly changed metabolites was
set as variable importance in the projection (VIP) >1 and p <0.05
(Student’s t test).

As shown in Figure 2, many lipid species such as triacylglycerol
(TAG), sphingomyelin (SM), phosphatidylethanolamine (PE), lyso
phosphatidylethanolamine (LPE), free fatty acid (FFA) and
hexosylceramides (HexCer) changed in the patients with KS,
TAG(53:2)_FA 17:0, TAG(56:5)_FA20:4, TAG(56:4)_FA18:1,
TAG(54:4)_FA20:3, TAG(54:4)_FA16:0, PC (16:0/20:4), PC (16:0/
16:1), PC (18:1/20:3), PC (14:0/18:1), and PC (16:0/14:0) decreased
in patients with KS. Then, we calculated the Euclidean distance
matrix, clustered the differential lipids with a complete linkage
method, and displayed them in a heat map (Figure 3). The
Euclidean distance matrix can be regarded as a weighted form of
the adjacency matrix, which includes two levels of information:
(1) whether the elements (points) are connected to each other and
July 2021 | Volume 12 | Article 692690
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(2) the cost or distance of the connectivity between the elements
(points). Therefore, the Euclidean distance matrix can be used to
perform hierarchical cluster analysis. The ratio of the quantitative
value of the different lipids was calculated using logarithmic
conversion, and the corresponding content trend changes are
displayed in the radar chart (Figure 4). For each group of
comparisons, we calculated the corresponding ratio of the
quantitative value of the different metabolites and took the
logarithmic conversion with base 2 as the logarithmic conversion.
The figure is represented with red font, each grid line represents a
difference multiple, and the purple shading is represented by the
connection of the lines of the difference multiples of each substance.
The corresponding content trend changes are displayed in the radar
chart. As shown in Figure 4, free fatty acids (FFAs) and
Frontiers in Endocrinology | www.frontiersin.org 4124
diacylglycerols (DAGs) were downregulated in patients with KS.
We also used a lipid group bubble plot to display the metabolite
content change degree, difference significance and classification
information (Figure 5). Each point in the lipid group bubble
chart represents a metabolite. The size of the point represents the
P-value of Student’s t test. The larger the point, the smaller the P-
value. Gray dots represent nonsignificant differences with a P-value
of not less than 0.05, and colored dots represent significant
differences with a P-value of less than 0.05 (different colors are
marked according to lipid classification). The abscissa of the lipid
group bubble chart represents the percent relative change of the
content of each substance in the group. The ordinate of the lipid
group bubble chart represents the lipid classification information.
The black line at the bottom shows the distribution density of the
FIGURE 2 | Volcano plot for the treatment (KS) vs control (HC) groups.
FIGURE 1 | Orthogonal partial least squares-discriminant analysis (OPLS-DA) model for group treatment (KS, blue) vs control (HC, red). Ions marked in blue show a
significant difference in intensity between the KS and HC groups.
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FIGURE 3 | Heatmap of hierarchical clustering analysis for the treatment (KS) vs control (HC) groups.
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FIGURE 4 | Radar chart analysis for the treatment (KS) vs control (HC) groups.
FIGURE 5 | Bubble plot for the treatment (KS) vs control (HC) groups.
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metabolites (one line represents one metabolite). As shown in
Figure 5, TAGs, PCs and PE were the main differential species.
DISCUSSION

KS is a rare disease lacking specific markers for early diagnosis.
In our previous work, we used an untargeted metabolomics
approach and found that linoleic acid metabolism and
glycerophospholipid metabolism changed substantially in KS
(12). In this project, we used lipidomics analysis for further
study. Many lipid species, such as triacylglycerols (TAGs),
sphingomyelin (SM), phosphatidylethanolamine (PE), lyso-
phosphatidylethanolamine (LPE), free fatty acids (FFAs) and
hexosylceramides (HexCers), changed in patients with KS, and
TAGs, PCs and PE were the main differential species.

Triacylglycerols (TAGs) are important lipid components that
have various fatty acyl groups with different chain lengths,
degrees of unsaturation and fatty acid isomers. In the cell,
triacylglycerols can be hydrolyzed to form free fatty acids
(FFAs) and 2-monoacylglycerol, and free fatty acids can be
metabolized to biologically active compounds, oxidized to
provide energy, or resynthesized into triacylglycerols for
storage. A previous study on complete fatty acid profiling
revealed potential candidate markers of semen quality (13).
Our data showed that TAG(50:2)_FA18:2,TAG(52:1)_FA16:0,
TAG(50:2)_FA16:0,TAG(52:2)_FA18:0, TAG(52:2)_FA18:2,
TAG(48:0)_FA16:0, TAG(50:3)_FA16:0, and TAG(54:1)_FA18:1
decreased in patients with KS, which is in accordance with
previous findings (Table S1) (13–15). In addition, the different
FFAs also decreased in patients with KS (Figure 4). We think that a
lower level of TAGs, to a certain extent, reveals a microenvironment
without adequate nutrition. In the study, the patients with KS had
lower sperm counts (13.9 ± 21.5 × 106/ml vs HC of 39 × 106/ml),
sperm concentrations (5.7 ± 9.8 × 106/ml vsHC of 15 × 106/ml) and
sperm motility (7.4 ± 9.8% vs HC of 38 to 42%), which may be
associated with the microenvironment.

Phosphatidylcholines (PCs) are a class of glycerophospholipids
that, along with other phospholipids, account for more than half of
the lipids in most membranes. For example, lysophospholipids are
PCs that affect lysophospholipid receptors as lipid signaling
regulators (16, 17). In our work, PC (16:0/20:4), PC (16:0/16:1),
PC (18:1/20:3), PC (14:0/18:1), and PC (16:0/14:0) decreased in
patients with KS, indicating diagnostic value. The change in
phosphatidylcholine composition and the saturation of their
fatty acids may cause the deterioration of sperm membranes.
This is consistent with a previous report that showed that
glycerylphosphorylcholine (GPC) had potential diagnostic value
for infertile men (18–22).

Phosphatidylethanolamine (PE) is a major component of
membranes of many species. PE (16:0/22:6) and PE (O-16:0/
22:6) were the significantly different metabolites (Table S1). For
example, 50% of the total PE lipids are PE plasmalogens, which
represent a major source of arachidonic acid and play an important
role in the inflammatory response and also cause semen non-
liquefaction (13/21) and semen condensation (12/21) (23, 24).
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CONCLUSIONS

In conclusion, we presented lipidomics profiling of semen
plasma in patients with KS, and the main differential metabolic
pathways focused on TAGs, PCs and PE. The results from this
new report are consistent with our previous work, suggesting the
promising value of these biomarkers. However, the exact
mechanism remains to be further elucidated. In addition, since
this is a single-center study with a relatively small sample size, the
performance of these biomarkers needs to be further evaluated.
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