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Oxidative stress is a condition due to an imbalance between the concentrations of oxidants and antioxidants, and it is a well-
recognized contributor in several male infertility conditions. Varicocele, a common vascular condition, may cause male in-
fertility due to hyperthermia, hypoxia and/or exposure to toxic adrenal and renal metabolites. In this review, the mechanisms
by which oxidative stress can affect cellular integrity and functions are described, along with molecular markers of cellular
oxidative damage, and the most commonly performed techniques for their detection in seminal fluid. Moreover, we focus
on the role of oxidative stress in the pathophysiology of varicocele based on recently published evidence from omics based
studies, such as proteomics and genomics. Finally, we discuss strategies for the management of oxidative stress and the clini-
cal guidelines for testing oxidative stress-related sperm DNA fragmentation in this group of patients.
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INTRODUCTION

Unicellular prokaryote life evolved in a mildly reduc-
ing environment dominated by carbon dioxide and ni-
trogen, based on anaerobic respiration. Oxygen is pro-
duced as a by-product of anaerobic respiration, which
resulted in the transformation of the biosphere to an
oxidizing environment toxic to this early life [1,2]. This
oxygenation of the biosphere, termed the Great Oxida-
tion Event, lead to the development of aerobic respira-
tion and mitochondria as an evolutionary adaption to
the toxic oxygen-rich environment [3]. Mitochondria

emerged as a critical cellular organelle, significantly
increasing energy production as well as being involved
in the regulation of cellular activities. This subsequent-
ly enabled the evolution of multicellular eukaryote life
[4].

The mitochondria produce adenosine triphosphate
(ATP) through oxidative phosphorylation. ATP pro-
duction is mediated via the electron transfer chain, in
which electrons are passed through a series of 5 protein
complexes in the mitochondrial inner membrane [4].
However, a leakage of electrons from protein complexes
I and III leads to the production of potentially toxic re-
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active oxygen species (ROS), specifically superoxide (O,).
‘0, is rapidly metabolized into hydrogen peroxide (H,O,)
in the mitochondria by superoxide dismutase (SOD) -1
and -2, and then undergoes reduction to produce hy-
droxyl radicles (OH) [5,6].

Since the discovery of ROS over 100 years ago, they
have been found to act physiologically as signalling
molecules through adaptive phosphorylation/dephos-
phorylation (redox) switches [6,7]. These redox switches
regulate numerous physiological functions, including
important roles in immune regulation, the inflamma-
tory response, growth factor signalling response, ion
transport, apoptosis, and regulation of genetic expres-
sion [8]. ROS are also important mediators in male
reproductive physiology, involved in spermatogenesis,
chromatin condensation, spermatozoa maturation in
the epididymis, hyperactivation, capacitation, acrosome
reactions, and sperm-zona binding in fertilization [9-
11]. In seminal fluid, ROS are generated predominantly
from spermatozoa and seminal leukocytes, while pros-
tatic and seminal fluids contribute to generate antioxi-
dants and antioxidant co-factors [9,10,12,13].

ROS are highly reactive, and excessive ROS can
damage lipids, proteins, and carbohydrates. This results
in damage to cellular structures, enzymes, organelles
and DNA, and activates cellular apoptosis [6,14]. The
potentially toxic nature of ROS resulted in the evolu-
tion of endogenous antioxidant enzymes to neutralise
their high reactivity. Important endogenous enzymatic
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antioxidants include catalase (CAT), glutathione perox-
1dase (GPx), SOD1 (containing copper and zinc), SOD2
(containing manganese) and extracellular SOD3 (also
containing copper and zinc), peroxiredoxins, and thio-
redoxins [15-18]. Important exogenous non-enzymatic
antioxidants obtained predominantly as nutritional
micronutrients include B-carotenes, ascorbic acid, to-
copherols, glutamine, and co-factors such as copper,
selenium, zinc, and manganese [19].

OXIDATIVE STRESS

An imbalance in a ratio between ROS and total anti-
oxidant capacity (TAC) gives rise to oxidative or reduc-
tive stress. Specifically, oxidative stress is defined as an
increased ROSTAC ratio due to increased ROS and/or
reduced TAC (Fig. 1) [6,7].

The impact of oxidative stress results in cellular in-
jury similar to the general adaption syndrome response
to cellular stressors [6,7]. This cellular damage can ac-
cumulate over time, mediating the ageing process and
the pathogenesis of non-communicable chronic patholo-
gies such as obesity, type 2 diabetes mellitus, cardiovas-
cular disease, various malignancies (including prostate),
and Alzheimer’s disease [8].

Oxidative stress is also a significant contributor to
male infertility [20]. Important causes of oxidative
stress in male reproduction include leukocytospermia,
varicocele, testicular heat stress, obesity, and type 2

B-carotenes
Ascorbic acid
Tocopherols

Fig. 1. The imbalance between reactive

oxygen species and the antioxidant de-

fence system results in oxidative stress,
sccF 2021 With consequent cellular damage.
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diabetes mellitus. Additional causes associated with
male reproductive oxidative stress include a sedentary
lifestyle as well as excessive exercise, consumption of
tobacco, alcohol, cannabis, and amphetamines, nutri-
tional deficiencies, exposure to endocrine disrupting
chemicals through pesticide residues in food and water,
and environmental pollutants and toxins [21-27].

Oxidative stress in the male reproductive tract re-
sults in abnormal spermatogenesis and damage to
spermatozoa through lipid peroxidation, denaturing of
proteins, and DNA damage [26]. This results in reduced
sperm concentration, total and progressive sperm
motility, hyperactivation, and percentage of normal
morphological forms. There is also impaired chromatin
condensation and sperm DNA integrity, mitochondrial
dysfunction with a reduced mitochondrial membrane
potential (MMP), and reduced capacitation and acro-
some reaction, negatively affecting oocyte binding and
fertilization [10,28-30].

MECHANISMS AND MOLECULAR
MARKERS OF OXIDATIVE DAMAGE
IN MALE FERTILITY

1. Lipid peroxidation

ROS can damage lipids through lipid peroxidation,
which is a molecular chain reaction targeting double-
bonds in fatty acids that produces higher reactive
and mutagenic molecules such as aldehydes [14,31].
Mutagenic products of lipid peroxidation include malo-
ndialdehyde (MDA), an important indirect molecular
marker of oxidative stress [32,33].

Sperm cell membranes have a higher percentage of
omega 3 polyunsaturated fatty acids (PUFAs) com-
pared to somatic cells. With the increased number of
double bonds that are more prone to oxidation, sperm
cells are more susceptible to oxidative stress through
lipid peroxidation than other cells [14,28]. Additionally,
sperm cells have a large surface area with relatively
little cytoplasm, making them also more susceptible
to ROS overcoming antioxidant defenses [34]. Sperma-
tozoa can remove excessive toxic peroxides from the
cell membrane; however, excessive lipid peroxidation
results in mitochondrial membrane damage, dysfunc-
tion and reduced ATP production [14,31]. The damage
to double bonds in the PUFA reduces the fluidity of
the sperm membrane, which reduces capacitation, acro-
some reaction and sperm-oocyte fusion [14,31,34].
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2. Chromatin damage and sperm DNA

fragmentation

Sperm DNA is vulnerable to oxidative stress and is a
significant mediator of ROS-induced infertility [34,35].
ROS damage DNA directly, or indirectly via the mu-
tagenic products of lipid peroxidation such as MDA
[32,33]. An important molecular marker and indirect
assessment of DNA damage due to oxidative stress is
8-hydroxy-2-deoxyguanosine (8-OHdG) [34]. DNA dam-
age results in poor sperm maturation, sperm DNA
fragmentation (SDF) and increased apoptotic rate in
germ cells and spermatozoa [34,36,37]. Furthermore,
reduced genomic fusion following penetration of the
oocyte, increased risk for spontaneous abortions and
recurrent pregnancy loss are observed when sperm
DNA is damaged. This damage can also be transmitted
to the offspring, increasing the risk for numerous de-
velopmental disorders [34,36,37].

3. Mitochondrial dysfunction

Mitochondria are an important source of endogenous
ROS, and mitochondrial dysfunction results in exces-
sive ROS production which further damages mitochon-
dria [38]. Mitochondrial dysfunction results in minor
variations in MMP, which exacerbates ROS production,
reduces ATP generation and further increases mito-
chondrial damage [23,39]. Similar to oxidative stress,
mitochondrial dysfunction increases with age and is in-
creasingly found as a common feature of a wide range
of age-related non-communicable chronic pathologies
(such as obesity and its associated metabolic co-morbid-
ities, including type-2 diabetes mellitus, cardiovascular
disease, malignancy) as well as neuro-degenerative dis-
eases such as Alzheimer’s disease [23,39,40].

4. Apoptosis

Apoptosis, a process known commonly as pro-
grammed cell death, occurs through characteristic
morphological changes and energy-dependent molecu-
lar cascades [41,42]. As with redox biology, apoptosis
is usually an important physiological process in fetal
development, cellular turnover, and immune develop-
ment. However, increased or decreased apoptotic rate
is observed in many pathological processes, including
ischemic injury, neuro-degeneration, autoimmunity,
and malignancy [41].

Apoptosis is mediated through two major molecular
pathways that are interlinked through the mitochon-
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dria, namely the intrinsic and extrinsic pathways
[41,42]. An additional identified pathway for apopto-
sis is the perforin/granzyme pathway that can cause
apoptosis through granzyme B or granzyme A from
T-cell mediated cytotoxicity [41]. All pathways culmi-
nate in the activation of a common terminal mediator,
caspase-3, leading to protein cross-linking, cytoskeletal
and nuclear degradation, SDF, intracellular apoptotic
body formation, expression of phagocytic receptors and
ultimately the phagocytosis of the cell [41].

The intrinsic pathway is initiated based on intracel-
lular detection of irreparable DNA damage or intracel-
lular viral particles [43]. This is triggered by the mito-
chondria, and is associated with increased membrane
permeability, cytochrome c release and activation of
caspases [44,45]. In sperm, this pathway can only be ac-
tivated with inhibition of phosphatidylinositol 3-kinase
(PIBK), which is in turn an inhibitor of intrinsic apop-
tosis [46]. The intrinsic pathway results in increased
ROS production in the mitochondria that mediates
annexin binding to the cell surface, and DNA damage
[45,46]. Extrinsic apoptosis is triggered by the extracel-
lular ligand binding to the Fas ‘death-receptor’ and
other tumor necrosis factor family receptors, leading to
activation of caspase-8 and caspase-3 [42]. These signals
are most commonly observed via leukocytes such as
natural killer cells and CD8+ T-lymphocytes [42,43].

Apoptosis is an important regulatory mechanism in
germ cells during spermatogenesis, whereas infertile
males have increased apoptosis in testicular biopsy
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[47]. Increased apoptosis in the male reproductive tract,
germ cells and spermatozoa can be induced in case of
leukocytospermia, varicocele, obesity, type 2 diabetes
mellitus, poor lifestyle factors, and exposure to environ-
mental toxins and radiation [48-50]. Molecular markers
of apoptosis associated with increased ROS in seminal
fluid includes caspases 3 and 9, and cytochrome c [47].

PATHOPHYSIOLOGY OF OXIDATIVE
STRESS IN VARICOCELE

1. Overview of varicocele

Varicocele is a vascular disease characterized by
the abnormal dilatation, elongation and tortuosity of
the pampiniform plexus veins of the spermatic cord.
Approximately 20% of the adult and adolescent male
population presents with varicocele globally, with
varicocele being responsible for up to 40% and 80% of
cases of primary and secondary infertility, respectively
[51]. Fig. 2 further summarizes the pathophysiological
mechanisms, epidemiological data, and treatment op-
tions and outcomes in varicocele.

Around 90% of varicocele occurs on one side (unilat-
eral) and 10% on both testes (bilateral) [52-55]. However,
varicocele on the left testes is more common due to the
anatomy of the venous system, where the left testicu-
lar vein enters the left renal vein at a 90° angle. This
results in a more turbulent flow and back pressure
than the testicular vein on the right side, which enters
the inferior vena casa obliquely [56].

Pathophysiological mechanisms
- Testicular hyperthermia

- Testicular hypoxia/ischemia

- Reflux of adrenal metabolites
- Oxidative stress

Epidemiological data

- 20% of general male population

- 40% of patients with primary infertility

- 80% of patients with secondary infertility
- Impairs semem quality

- Reduces sperm DNA integrity

- Reduces testicular endocrine status

Treatment options

- No difference between various repair
techniques on reproductive outcomes

- Significantly lower complication rate with
microsurgical subinguinal varicocelectomy
(varicocele recurrence: 1-2%; hydrocele
formation: <1%)

Treatment outcomes

- 60-80% improvement in semen parameters
- 40-60% improvement in pregnancy rates

- Improvement in sperm DNA integrity

- Improvement in serum testosterone levels

Fig. 2. Schematic summary of patho-
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Varicocele is clinically assessed by physical examina-
tion and palpation and classified following the estab-
lished criteria. According to the Dubin and Amelar
classification, subclinical varicocele is not identifiable
during the physical examination [57-59]. Clinical vari-
cocele is classified into grade 1 (palpable during the
Valsalva maneuver), grade 2 (palpable at the rest), and
grade 3 (visible and palpable at the rest) [60].

2. Varicocele and male infertility

An association between varicocele and reduced se-
men parameters and testicular size has been reported
in the literature, with an improvement of semen pa-
rameters and pregnancy rates after varicocelectomy
[61]. A large observational study conducted on more
than 9,000 infertile men reported a 25.4% incidence
of varicocele, with the affected population showing
reduced total sperm counts and testosterone levels, as
well as reduced testicular size when compared with
those without varicocele [54]. On the contrary, men
with normal semen parameters showed a significantly
lower incidence (11.7%) of varicocele [54]. Moreover, a
meta-analysis of 10 studies (n=783 patients with vari-
cocele, n=449 healthy controls) reported a negative as-
sociation between varicocele and sperm count, motility
and normal morphology [62]. Despite the association
between varicocele and poor semen quality, approxi-
mately 80% of men with varicocele are fertile and have
normal fecundity [63]. The reasons why some patients
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with varicocele are infertile, whereas the majority of
them are not, remain unclear.

Varicocele can cause male infertility through several
mechanisms, including scrotal hyperthermia, hormonal
disturbances, testicular hypoperfusion, and hypoxia as
well as the backflow of toxic metabolites, which are
potential mediators of varicocele-related infertility (Fig.
3) [64]. The pathologic enlargement of the pampiniform
venous plexus causes venous stasis and retrograde flow
which affects the heat exchange system in the testes
and results in elevated local temperatures [65,66]. High
temperatures dramatically alter protein synthesis and
structure, with repercussions on their activity [67-69].
Varicocele patients show reduced expression of PISK,
an important regulator of physiological processes such
as capacitation, acrosome reaction, and fertilization [70]
while studies report a reduced expression of heat shock
protein 5 (HSPAS) [71] and 2 (HSPAZ2) [72], suggesting
an increased susceptibility of testes to elevated temper-
atures. Furthermore, vasoconstriction of pre-capillary
arterioles, a compensatory mechanism to maintain the
physiological intratesticular pressure, leads to hypoper-
fusion and the generation of a hypoxic microenviron-
ment in the testis [73]. A higher expression of hypoxia-
inducible factor 1o has been reported in internal
spermatic veins resected by varicocele patients [74].
This factor, expressed in hypoxic conditions, promotes
germ cell apoptosis in the experimentally-induced vari-
cocele rats, hence contributing to male infertility [75].

Varicocele
Hormonal Testicular Testicular Scrotal Reflux of Cadmium
disturbances hypoxia hypoperfusion hyperthermia metabolites accumulation

Impaired spermatogenesis

h—

Elevated ROS

|

Mitochondrial
dysfunction

Sperm membrane
lipid peroxidation

|

Sperm DNA
fragmentation

A
Apoptosis of
spermatozoa

Impaired sperm function

: l

y

Decreased male reproductive potential

'

Male infertility

Fig. 3. Pathophysiology of varicocele.
sccF 2021 ROS: reactive oxygen species.
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3. Varicocele and oxidative stress: insights
from proteomics studies

Oxidative stress is the central mediator of testicular
damage in varicocele. The exposure to heat, hypoxia
and toxic adrenal and renal metabolites stimulates the
generation of ROS. Although ROS are essential me-
diators of physiological processes such as capacitation,
acrosome reaction, hyperactivation, and fertilization,
their concentration must be maintained within physio-
logical ranges by the antioxidant systems, as increased
ROS can result in DNA damage, protein oxidation and
lipid peroxidation [11]. In varicocele patients, reduced
semen quality has been reported, correlating with
higher values of oxidation-reduction potential (ORP),
a measure of redox balance in seminal plasma [9]. A
meta-analysis published in 2006 reported higher ROS
levels in varicocele patients along with lower TAC in
comparison with healthy controls [76]. The compari-
son of the sperm proteome of varicocele and healthy
men showed a decreased expression of SOD1 enzyme
and glutathione S-transferases in varicocele patients
[71,77,78], suggesting an imbalance in the pro- and an-
tioxidant systems in sperm. However, oxidative stress
has also been detected in normozoospermic men with
varicocele [79], therefore other mechanisms may exist
that either protect germ cells from oxidation or exacer-
bate ROS harmful effects.

A proteomic approach has been used to investigate
the role of key proteins and the altered molecular
mechanisms in male infertility-associated conditions,
including varicocele. Mass spectrometry and in silico
analysis revealed that sperm proteins related to sper-
matogenesis, sperm motility, and metabolism are sig-
nificantly under-expressed in varicocele patients, lead-
ing to male infertility [64,73-83]. Particularly, proteins
related to mitochondrial structure, electron transport
chain and mitochondrial metabolism were under-
expressed in varicocele patients, stressing the role of
mitochondrial dysfunctions in varicocele etiology [84].

Varicocele patients also showed an altered seminal
plasma proteomic profile associated to the oxidative
stress response, with an increased generation of ROS
and pro-oxidant associated proteins. An up-regulation
of antioxidant systems was also seen, possibly as a
compensatory mechanism [85,86]. Specifically, an in
stlico analysis predicted the establishment of reductive
stress in the testicular microenvironment of unilateral
varicocele patients due to the up-regulation of antioxi-
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dant systems and mitochondrial dysregulation at the
level of the electron transport chain, the main pathway
involved in ROS generation [87].

A total number of 64 and 31 proteins were reported
to be uniquely expressed in bilateral and unilateral
varicocele patients, respectively [88], reflecting the
severity of varicocele and its impact on seminal pa-
rameters. Moreover, 253 proteins were differentially
expressed between unilateral and bilateral varicocele
patients, mainly involved in reproductive sperm func-
tions such as motility, capacitation, hyperactivation,
acrosome reactions, and fertilization, with bilateral pa-
tients having more altered protein pathways [88]. More
studies conducted on larger population are needed to
confirm the proteomics finding and to validate protein
biomarkers in clinical practice. However, the outcomes
of investigations regarding the seminal proteomics pro-
file in varicocele patients are very promising, as they
may influence the choice of treatment and help in the
identification of those patients who could specifically
benefit from varicocelectomy.

4. Genetic polymorphisms and epigenetic
regulation in varicocele associated with
increased susceptibility to DNA damage

Several studies have reported an association between
infertility in varicocele patients and specific polymor-
phisms in genes involved in oxidative stress regula-
tion. For instance, polymorphisms in the antioxidant
glutathione S-transferase (GST) genes can result in
non-functional enzymes. This has been correlated with

a worse response in terms of motile sperm concentra-

tion after varicocelectomy, whereas the wild-type allele

showed a significantly better response [78]. Similarly,
specific genotypes in nitric oxide synthase (NOS3) gene
have been reported in higher frequency in varicocele
patients and associated with a variable reduction of

MDA after varicocele repair [89]. However, it 1s im-

portant to highlight that genetic association studies

require a large number of patients to be analysed in
order to reach an appropriate level of statistical signif-
icance clinically. In fact, a meta-analysis conducted in

2015 including 497 varicocele patients failed to identify

any significant association between specific GST null

genotypes and the varicocele condition [90]. Another
candidate gene whose polymorphism has been associ-
ated to varicocele is acid phosphatase locus 1 (ACP1).

ACP1 negatively regulates spermatogenesis through
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the modulation of platelet-derived growth factors en-
zymatic activity [91]. Hence, polymorphisms resulting
in increased ACP1 activity are reportedly higher in
varicocele patients with reduced sperm count and ab-
normal morphology [92].

Methylenetetrahydrofolate reductase i1s involved
in epigenetic regulation during spermatogenesis [93].
Studies investigating its role in male infertility report-
ed that the A1298C polymorphism results in reduced
enzymatic activity [94], lower semen quality [95,96], and
a 2.3-fold higher risk of developing varicocele when it
is present in homozygosis [97]. Epigenetic regulation is
particularly important during spermatogenesis [98], as
altered methylation profile has been reported in male
infertility [99,100]. Two studies have independently ob-
served a lower percentage of global sperm DNA meth-
ylation in varicocele patients, in comparison with fer-
tile controls, along with altered sperm DNA integrity
[99,101]. Increased sperm DNA damage may also be due
to polymorphisms in protamine genes. Gene variants
resulting in increased protamine deficiency have been
reported in higher percentage in varicocele patients in
association with impaired semen parameters [102].

CLINICAL DETERMINATION OF
OXIDATIVE STRESS IN SEMEN
ANALYSIS

ROS can be measured in semen samples by chemi-
luminescence, flow cytometry, or nitroblue tetrazolium
(NBT). This is of great importance, as the role of oxida-
tive stress has been widely described as contributing
to varicocele disease [64,103,104]. Further direct and
indirect markers of oxidative stress are reported below,
and include MDA assessment, lipid peroxidation, and
ORP.

1. Chemiluminescence

Direct assessment of ROS in the semen can be done
by chemiluminescence assay, which is a phenomenon
where light is emitted as a consequence of chemical
reactions [105,106]. Common probes used in this tech-
nique include lucigenin and luminol. They are reduced
or oxidized to generate a dioxetane or endoperoxide, re-
spectively, which undergo prompt decomposition, gen-
erating light [106,107]. The photon emission is detected
by means of a luminometer. This consists of a series
of photodiodes and photomultiplier tubes for the cap-
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ture of the signal, and a signal processing software for
data analysis. Results are expressed as relative light
units (RLUs). The probe is chosen mainly based on the
type of ROS to be investigated. Lucigenin is selected to
measure extracellular O,, while luminol can be used to
measure both intra- and extracellular ROS. A cut-off
value of <1022 RLU/s/10° sperm/mL was proposed to
differentiate the infertile population from fertile con-
trols [108].

2. Flow cytometry detection of intracellular

reactive oxygen species

The use of a flow cytometer allows the investigation
of a large number of cells in a limited amount of time.
Furthermore, it can profile cells by detecting the light
scatter or the fluorescence emitted by dyes or mono-
clonal antibodies used to stain/bind selected molecules
[109]. Intracellular ROS analysis is conducted by using
two dyes, which are 2,7-dichlorofluorescin diacetate
(DCFDA), and dihydroethidium (DHE). The former
reveals intracellular peroxyl, peroxynitrite, alkoxyl,
NO2, carbonate (CO3—) and OH' radicals, while the
latter identifies intracellular O, . The principle of the
assay is based on ROS-mediated dye oxidation, which
generates a fluorescence compound. DCFDA is oxi-
dized in 2, 7-dichlorofluorescein, which emits a green-
colored fluorescence after binding to DNA, while DHE
1s converted into ethidium bromide, which emits a red
fluorescence [109]. The intensity of the fluorescence de-
pends on the intracellular ROS concentration.

3. Nitroblue tetrazolium

Intracytoplasmic ROS can be detected by the NBT
assay. This compound is reduced by superoxide radicals
and forms formazan crystals [110]. These crystals are
purple-blue colored, and can be detected microscopically
or spectrophotometrically [111]. Results are expressed as
ng formazan/10" sperm. A cut-off of 24 pg formazan/10’
sperm was suggested to differentiate male patients
based on their fertility status [110].

4, Thiobarbituric acid-reactive substance
assay

MDA is the final by-product of lipid peroxidation,
and it is measured using the thiobarbituric acid-reac-
tive substance (TBARS) assay [112,113]. The reaction
between thiobarbituric acid and MDA generates an ad-
duct, which can be measured either colorimetrically by
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using a spectrophotometer or fluorometrically. Results
are expressed as nmol MDA/10" sperm. It was shown
that infertile males with varicocele harbour higher
levels of seminal H,O, and MDA compared to their fer-
tile counterparts [114].

5. Oxidation-reduction potential

ORP evaluation considers the concentration of both
oxidants and antioxidants, providing a global overview
on the redox status of a semen sample. This is pos-
sible by measuring the electron transfer during reduc-
tive reactions from antioxidants to oxidants [115]. In
a multi-center study including 2,092 patients from 9
countries, ORP measurement was shown to discrimi-
nate between normal and abnormal semen samples,
with a cut-off value of 1.34 mV/10° sperm/mL [116].
Varicocele patients with abnormal semen quality re-
ported higher ORP than healthy controls [117].

6. Sperm DNA fragmentation testing in
varicocele

In their guidelines, Agarwal et al (2020) [35], and
Esteves et al (2021) [118] shared common ground in ac-
knowledging the validity and reliability of SDF testing
in varicocele patients, using any of the available assays,
such as terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL), Comet, sperm chromatin
structure assay (SCSA), and sperm chromatin disper-
sion (SCD). Both guidelines also offered a cut-off of
20% to differentiate between fertile and infertile males
and recommended SDF testing in case of unexplained
or idiopathic male infertility, recurrent pregnancy loss,
clinical varicocele, lifestyle risk factors (such as smok-
ing, alcohol, obesity, and environmental exposures), and
in the failure of assisted reproductive technology (ART)
[35,118,119].

Agarwal et al (2021) [119], have recently stated that
oral antioxidants, lifestyle modifications, recurrent
ejaculation and controlling infections and inflamma-
tion can lower SDF. Additionally, men with high SDF
and concurrent varicocele should consider undergoing
varicocelectomy, while men with persistently high SDF
are advised to perform intracytoplasmic sperm injec-
tion (ICSI) with sperm processing and preparation or to
use testicular sperm in ICSI in the context of recurrent
pregnancy loss with high SDF [119].

In clinical practice, the decision to undergo varicocele
repair may be uncertain, and hence, the role of SDF

94 www.wjmh.org
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testing is rather helpful in supporting the decision of
repair, especially in the subset of patients with low
grade varicocele and abnormal semen parameters or
patients with grade 2 or 3 varicocele and normal con-
ventional semen parameters [120,121].

MANAGEMENT OF OXIDATIVE
STRESS IN VARICOCELE

Varicocele can be treated by varicocelectomy or an-
giographic embolization. Also, the effects of varicocele
on sperm parameters and sperm functions can be
managed by antioxidant supplementation. ART is also
an option for management of varicocele, although out-
comes may be improved with surgical and/or antioxi-
dant treatment [122]. In the American Society for Re-
productive Medicine (ASRM)’s 2015 guidelines, it was
recommended that varicocele repair and the use of an-
tioxidants may both be valuable methods in reducing
SDF [123]. The European Association of Urology (EAU)
also acknowledged the benefits of varicocele repair on
SDF, recommending varicocele repair in males with
elevated SDF and/or unexplained infertility [124]. As
varicocele is closely mediated by oxidative stress, there
is significant interest in antioxidants-based treatment
as part of management considerations [125].

1. Varicocele repair

Varicocele repair can either follow a micro-surgical
technique or non-microsurgical alternatives. The ap-
proaches include open retroperitoneal ligation (Palomo
technique), inguinal, subinguinal, laparoscopic, and
embolization [122]. Although it remains unclear if
varicocele repair improves natural pregnancy and live
birth rates, the evidence suggests that this manage-
ment approach can improve sperm parameters (sperm
concentration, motility, and morphology), seminal oxi-
dative stress and SDF [126-129]. Varicocele repair may
also improve serum testosterone concentration [130].
Although the positive impact on semen quality is re-
ported for all surgical techniques, microsurgical repair
appears to potentially be the most beneficial approach
[126,131]. Further, varicocele repair is increasingly dem-
onstrated to have positive outcomes on oxidative stress
markers and sperm parameters in male fertility due to
underlying varicocele [132].

Chen et al (2008) [133] showed that varicocelectomy
Improves sperm parameters alongside a reduction in
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8-OHdG and increases thiols and ascorbic acid (vitamin
() in seminal fluid 6 months post-surgery. Their find-
ings were supported in a retrospective study, where
varicocelectomy led to a reduction in oxidative stress by
reducing seminal nitric oxide, hexanoyl-lysine, 8-OHdG,
SDF and SOD concentrations post-surgery, alongside
reduced sperm apoptosis [134]. Varicocelectomy was
further reported to significantly reduce seminal MDA,
H,0,, NO, and vitamin E, and increase seminal SOD,
CAT, GPx, and vitamin C levels at 3 months post-
surgery [135]. An increase in seminal TAC and decrease
in seminal ROS with improved SDF were also reported
after inguinal varicocelectomy with loupe magnifica-
tion [136]. In a small preliminary study, Dada et al
(2010) [137], reported a reduction in seminal ROS de-
termined by chemiluminescence at 1 month following
varicocelectomy, with a slower reduction in SDF over 3
to 6 months. Ni et al (2016) [104] reported a significant
reduction in seminal MDA 3 and 6 months following
microsurgical retroperitoneal high ligation procedure.
In males with unilateral (left-side) varicocele who un-
derwent varicocelectomy, a reduction of testicular 4-hy-
droxy-2-nonenal modified proteins (markers of oxida-
tive stress) was associated with significantly improved
sperm motility [138]. The percentage of sperm with
oxidative stress, assessed by sperm DCFH-DA stain-
ing, is also reportedly improved 3 months after vari-
cocelectomy [101]. Additionally, spermatic vein ligation
has been reported to increase TAC at 3 and 6 months
following the procedure, particularly in patients with
grade IT and III varicocele [139]. Varicocele ligation has
also been reported to improve seminal ROS, semen
parameters, and SDF in association with an increased
chance of successful spontaneous pregnancy, intrauter-
ine insemination, in vitro fertilization, and ICSI [140].

However, these results are not consistent. Mancini
et al (2004) [141] reported no change in TAC levels at
10 and 24 months post-varicocelectomy, although the
data suggested having a positive impact on fine regu-
lation of TAC in relation to an improvement in sperm
motility. Further contradictory data was reported in a
prospective study investigating varicocelectomy in ado-
lescents, where there was no post-operative change in
TBARS, although there was improvement in SDF and
sperm mitochondrial activity [142].

Varicocelectomy has been reported in a meta-analysis
including 12 studies to significantly ameliorate SDF
observed in varicocele patients [143]. This was sup-
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ported by an additional systematic review and meta-
analysis involving 19 varicocele studies, demonstrating
a significant reduction in the SDF mean difference
(-8.3%) after varicocele repair compared to preoperative
measurements [144]. However, a study by Garcia-Peird
et al [145] showed that improvement in chromatin in-
tegrity post-varicocele repair was only detected in the
group of men with clinical varicocele, with no effect of
subclinical varicocele repair seen on SDF.

2. Antioxidant supplementation

The use of antioxidants in male infertility has re-
ceived significant attention due the central role of
oxidative stress in many causes of male infertility [25].
Antioxidants are also reported to be used extensively
by urologists and reproductive medicine specialists
globally [146]. Common antioxidants used in clini-
cal practice include vitamin A (carotenes), vitamin C
(ascorbic acid), vitamin E (tocopherols), carnitine, N-
acetyl-cysteine (NAC) and Co-Enzyme Q;, (CoQ,,), as
well as antioxidant co-factors including selenium, zinc,
and folic acid [25,147]. However, the use of antioxidants
remains controversial, particularly in the absence of
various guidelines and the determination of appropri-
ate outcomes in clinical trials [25,148-151].

As oxidative stress is also closely associated with
varicocele pathogenesis, there is significant interest in
the use of antioxidants in the management of varico-
cele as a sole therapy or alongside varicocele repair [122].
In fact, antioxidants for varicocele in clinical practice
is reportedly recommended by 39.9% of reproductive
medicine specialists [146]. Antioxidants may also be a
non-invasive alternative to consider prior to surgery
or more expensive ART management [122]. However,
despite the role of oxidative stress as a contributing
factor in varicocele-associated male infertility and the
potential use of antioxidants, no validated published
guidelines are currently available about the use of
antioxidant supplementation for the management of
male infertility [25,148-151].

A combination therapy for ‘spermatogenesis stimu-
lation’ that included clomiphene citrate, vitamin A,
vitamin E, selenium, L-carnitine, and pentoxifylline
reportedly improved sperm parameters in varicocele
males [152]. However, the authors reported a more sig-
nificant impact on sperm concentration and pregnancy
outcomes from microsurgical varicocelectomy compared
to the spermatogenesis stimulation group [152]. In
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grade I varicocele, the combination of vitamins B9, B12,
C, E, L-Carnitine, CoQ,,, zinc, and selenium daily for
three months improved sperm concentration, motility,
vitality, morphology, and SDF [153]. CoQ,, has also been
reported to improve semen parameters and seminal
TAC in men with low grade varicocele over a 12-week
duration [154]. In a cohort of males with ongoing oligo-
spermia following varicocele embolization, treatment
with NAC, and a combination micronutrients did not
improve semen parameters, nor increase spontaneous
pregnancies, compared to control [155]. The interven-
tion of pentoxifylline combined with zinc and folic acid
improved morphology in males with varicocele-induced
infertility [156] Supplementation with zinc sulphate in
infertile males with or without varicocelectomy report-
ed a significant increase in sperm motility at 2 months
post therapy, concluding that zinc sulphate may be
beneficial particularly in patients with low seminal
zinc concentrations [157].

Antioxidants combined with varicocelectomy may
provide additional benefits compared to surgery alone
[158]. Supplementation with vitamin C for 6 months
following varicocelectomy improved sperm morphol-
ogy and motility, but not sperm count, compared to
post-surgical varicocele group [159]. NAC was found to
improve SDF and pregnancy rates post-varicocelectomy
compared to no additional intervention [160]. A combi-
nation of folic acid and zinc sulphate combined with
varicocelectomy improved seminal parameters and
serum inhibin-B levels, compared to surgery alone, or
the provision of zinc sulphate or folic acid alone [161].
However, L-carnitine added to inguinal varicocelecto-
my for 6 months did not show any additional benefits
on sperm parameters and SDF compared to surgery
and placebo control patients [162], nor did the addition
of vitamin E in the context of varicocelectomy in a pre-
and postoperative setting at 3, 6 and, 12 months respec-
tively) [163].

Animal models may provide further potential insight
for investigation in human males with varicocele. In a
rat model of induced varicocele, vitamin B was found
to be superior to vitamin E in improving varicocele-
induced sperm parameters, SDF, and lipid peroxidation
[164]. In rats with varicocele-induced damage, the com-
bination of vitamin E with dexamethasone resulted
in significant improvement (p<0.05) in GPx and SOD
with concomitant down regulation in MDA levels [165].
The extractions of the medicinal herbs Melissa of-
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ficinalis and Pilea microphylla have also been found
to reduce the negative impact of varicocele on sperm
parameters and SDF in experimental rats through
antioxidant activity [166,167]. Lycopene, a carotenoid
primarily derived from tomato, has been found to im-
prove oxidative stress through reduced seminal MDA,
with improvements in serum testosterone, testicular
weight, SDF and sperm Bcl-2 and BAX expression in a
rat model [168].

Although the use of antioxidants for varicocele-
induced infertility is seemingly common, there remains
insufficient evidence for their clinical use. High quality
studies are too limited to clearly recommend antioxi-
dant use in varicocele, as well as the type or combina-
tion of antioxidants, dosage and duration, and potential
complications including reductive stress [25]. However,
the current literature available warrants further clini-
cal investigations for antioxidants in varicocele, with
or without combination varicocele repair.

3. Antioxidant paradox, reductive stress, and

possible risks

The antioxidant paradox is the observational finding
encountered after using high doses of dietary antioxi-
dants to counteract the deleterious effects of oxygen
radicals, yet ending up with a modest therapeutic and
preventive outcome [169]. This may be due to an in-
complete understanding of the complex role of antioxi-
dants in health and disease progression, and that the
endogenous antioxidant defence systems are complex
and seemingly unaffected by high dose exogenous an-
tioxidant therapy [169]. Additionally, the excessive use
of antioxidants may lead to reductive stress, which oc-
curs when the redox levels are shifted towards reduced
states [170]. Reductive stress can lead to mitochondrial
dysfunction, endothelial cell proliferation, and blood-
brain-barrier dysfunction [171,172]. Hence, the trend of
antioxidant utilization in current practice is rather em-
pirical, and care should be practiced while using such
agents, to prevent inadvertent reductive stress [171].

FUTURE PERSPECTIVES

Recently, there has been more attention diverted
towards the identification of molecular factors which
are involved in male infertility-related disorders, by
conducting proteomics and bioinformatics studies. This
may help in clarifying why some varicocele patients
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are fertile or infertile, by further highlighting the
cellular pathways and post-translational modifica-
tions and the subsequent role of proteins. Importantly,
further clinical investigations examining the impact
of varicocele repair and/or the use of antioxidants on
seminal oxidative stress in these patients is required.
For the use of antioxidants, investigations are needed
to determine the clinical indications for antioxidant
use, the type or combination of antioxidants, the dos-
age and duration of treatment.

CONCLUSIONS

Redox biology is important in the (patho)physiology
of male reproduction and infertility. Oxidative stress is
a well-defined mechanism associated with male infer-
tility in numerous etiologies and risk factors, includ-
ing varicocele. Varicocele, a common etiology of male
infertility, is mediated by increased local temperature,
hypoxia, exposure to toxic adrenal and renal metabo-
lites as well as oxidative stress, resulting in impaired
spermatogenesis and sperm parameters, including
increased SDF. Varicocele repair and/or the use of an-
tioxidants may improve oxidative stress in the male
reproductive system. Advanced proteomic and genomic
studies have provided interesting insights into the role
of oxidative stress in varicocele-mediated infertility;
however, molecular mechanisms associated with vari-
cocele disease needs to be further investigated.
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