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Role of Antioxidants in Assisted Reproductive Techniques
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Oxidative stress (OS) has been recognized as a significant cause of suboptimal assisted reproductive outcome. Many of the sperm
preparation and manipulation procedures that are necessary in the in vitro environment can result in excessive production of
reactive oxygen species (ROS) thereby exposing the gametes and growing embryos to significant oxidative damage. Antioxidants
have long been utilized in the management of male subfertility as they can counterbalance the elevated levels of ROS inducing
a high state of OS. Few studies have looked into the clinical effectiveness of antioxidants in patients undergoing assisted
reproduction. While an overall favorable outcome has been perceived, the specific clinical indication and optimal antioxidant
regimen remain unknown. The goal of our review is to explore the sources of ROS in the in vitro environment and provide a

clinical scenario-based approach to identify the circumstances where antioxidant supplementation is most beneficial to enhance

the outcome of assisted reproduction.
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INTRODUCTION

Infertility is defined as the inability of a couple to con-
ceive after at least 12 months of regular, unprotected
intercourse. It affects about 1 out of every 6 couples world-
wide and is a major cause of social and emotional distress
[1]. Since the delivery of the first human via in vitro fertil-
ization (IVF) in 1978 [2], the field of assisted reproductive
techniques (ART) has witnessed major advancements that
allowed a good number of infertile couples to successfully
conceive. However, despite all efforts, only 35% of cou-
ples attempting ART obtain a live birth delivery [3]. A myri-

ad of physiological factors were found to influence the
success rates of ART, of which reactive oxygen species
(ROS) received a great deal of interest in medical
literature. ROS are highly reactive oxidizing agents that, at
physiologic levels, are naturally involved in various phys-
iologic pathways essential for normal reproduction [4]. In
vivo, they are equilibrated by the presence of various en-
zymatic and non-enzymatic antioxidants that scavenge
and neutralize excessive, and therefore detrimental,
amounts of ROS. However, in vitro, the unopposed ex-
posure of gametes to excessive levels of ROS results in un-
favorable effects on ART outcome. This disturbance in the
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redox state causes oxidative stress (OS) which elicits its
detrimental effects through the exacerbation of lipid per-
oxidation of sperm plasma membrane lipids, DNA dam-
age and abortive apoptosis [5].

Many of the manipulations performed during the
course of ART treatment and described below expose ga-
metes to excessive levels of ROS, which inevitably results
in OS given the lack of an effective antioxidant neutraliz-
ing system in the in vitro environment of any given stand-
ard ART.

As such, efforts were made to enrich our understanding
of the sources of ROS during the course of ART and to ex-
plore methods that can alleviate their detrimental role.
Antioxidants have been investigated both through oral
supplementation and in culture media and were found to
have an inconsistent effect on ART outcome [6,7]. The
controversy surrounding their actual clinical utility mainly
stems from the variations in design and/or antioxidant for-
mulation and dosage used in studies investigating this par-
ticular topic. In this review, we have tried to explore the ef-
fects of OS in the ART setting and offer real life clinical sce-
narios where antioxidant use could be most beneficial.

OXIDATIVE STRESS IN THE ASSISTED
REPRODUCTION SETTING

The handling, preparation and manipulation of gametes
during the procedure of ART exposes them to a number of
ROS-inducing factors (Fig. 1). The family of ROS include
oxygen—centered radicals, such as the superoxide anion
radical, hydroxyl radical, and nitric oxide radical, in addi-
tion to non-radical derivatives, such as hydrogen per-
oxide, peroxynitrite, and hypochlorous acid [8]. At phys-
iologic levels, ROS exhibit favorable effects that enable
the male germ cells to function properly and can poten-
tiate their fertilizing capabilities. Studies have shown that
the incubation of spermatozoa with hydrogen peroxide
stimulates sperm capacitation, hyperactivation, acrosome
reaction, and oocytes fusion [9-11]. Other ROS, such as
superoxide and nitric oxide have also been shown to pro-
mote sperm capacitation and acrosome reaction [12].

On the other hand, follicular and seminal fluid contain
antioxidants which are capable of stabilizing or deactivat-
ing free radicals, thus ensuring their existence at optimal
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physiologic levels. Two antioxidant systems have been
recognized; the enzymatic system which includes super-
oxide dismutase, catalase, and glutathione peroxidase,
and the non-enzymatic system which includes ascorbic
acid (vitamin C), urate, tocopherol (vitamin E), pyruvate,
glutathione, and others [13].

In the ART setting, oocytes and sperm which are re-
moved from their natural microenvironments can be ex-
posed to excessive levels of ROS as the antioxidant de-
fense mechanisms are lost [14], ultimately resulting in a
state of OS [15]. Due to its ability to alter cellular mole-
cules such as lipids, proteins, and nucleic acids, OS exerts
detrimental effects on fertility through disrupting sperm
membrane integrity and eliciting structural sperm DNA
damage, mitochondrial alterations, adenosine triphos-
phate depletion, and apoptosis [16,17].

MALE SOURCES OF REACTIVE OXYGEN
SPECIES IN THE ASSISTED REPRODUCTION
SETTING

ROS during ART procedures could either originate en-
dogenously from gametes or be triggered by exogenous
environmental factors [15].
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Fig. 1. Sources of reactive oxygen species (ROS) in the assisted
reproduction setting. IVF-ET: in vitro fertilization-embryo transfer.
Data from Cleveland Clinic Foundation (CCF) with CCF’s
permission.
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1. Endogenous male sources of reactive oxygen
species

1) Immature spermatozoa

During spermatogenesis, defects in cytoplasmic ex-
trusion sometimes may result in the development of im-
mature sperm that have a surplus of residual cytoplasm
[18,19]. Residual cytoplasmic droplets have been asso-
ciated with excessive ROS generation mediated by the
concurrent increase in glucose-6-phosphate-dehydrogen-
ase (G6PD) activity seen in abnormal spermatozoa. G6PD
stimulates glucose influx through the hexose mono-
phosphate shunt raising the intracellular availability of
nicotinamide adenine dinucleotide phosphate, which is a
major source of electrons for spermatozoa used to fuel the
generation of ROS [20].

The sperm mitochondria are another major source of
ROS as they are principally involved in energy production
required for normal sperm motility. Alterations in sperm
mitochondria were associated with increased ROS pro-
duction [21], which further promotes damage to sperm mi-
tochondrial membranes triggering a vicious cycle of ROS
production and mitochondrial dysfunction.

2) Leukocytes

Leukocytospermia, or increased semen leukocytes, is a
well-known cause of male infertility [22]. It is commonly
encountered secondary to infection or inflammation of the
prostate or seminal vesicles [22] and is associated with
overproduction of ROS and consequently OS. During the
course of ART, sperm damage from leukocyte-produced
ROS can occur after removal of seminal plasma during the
preparation methods. Several research groups docu-
mented a significant positive correlation between the
number of seminal leukocytes and seminal ROS levels
[23,24]. Moreover, seminal leukocyte levels were in-
versely related to sperm concentration (p=0.0001), mo-
tility (p=0.0001), normal sperm morphology (p=0.002),
and directly related to sperm DNA fragmentation (SDF)
measures (p=0.0563) [25]. Finally, seminal leukocytes
may in fact induce ROS production by human spermato-
zoa through a mechanism that is not clearly understood
[26], but possibly due to disturbing the mitochondrial
membrane potential and activation of caspase 3/7 which

eventually leads to an increased sperm superoxide pro-
duction [27].

2. Exogenous sources of reactive oxygen species

Several environmental factors taking place during both
IVF and intracytoplasmic sperm injection (ICSI) inevitably
exposes sperm, oocytes, and embryos to ROS which is be-
lieved to significantly influence the outcomes of these pro-
cedures [28,29]. While it is arguably relevant that the lon-
ger incubation time during IVF places the gamete and em-
bryo at a higher risk of ROS-exposure than ICSI [14,30,31],
ICSI carries a greater risk of ROS-induced oocyte DNA
damage through the direct injection of ROS containing
medium along with the sperm during the procedure [32].
More importantly, ICSI bypasses the natural sperm se-
lection opportunity. Therefore, there is a potential risk of
injecting sperm with high ROS-induced DNA damage into
the oocyte [33].

1) Oxygen concentration

Any aerobic environment promotes enzyme activity
and release of ROS. In vivo, early embryo development
has been documented to take place in a microenviron-
ment with low oxygen tension [34]. This has led to the as-
sertion that attempts at mimicking the in vivo environ-
mental conditions during the course of ART should have a
favorable reproductive outcome [34]. Indeed, studies
have confirmed such an assertion where embryos cul-
tured at atmospheric oxygen concentration developed sig-
nificantly higher levels of DNA fragmentation compared
with embryos grown in an environment of low oxygen
tension [35]. In another prospective randomized study,
Kasterstein et al [36] used sibling oocytes of 258 women to
compare the effect of 5% O, vs. 20% O, concentrations
on embryo development and clinical outcome. While re-
porting comparable fertilization and cleavage rates be-
tween both groups, the authors observed significantly better
blastomeres (p <0.05), top-quality embryos on day 3 (p<
0.02), implantation (p <0.03), pregnancy rates (p<0.05),
and live birth rate (p <0.05) with the 5% O, compared to
20% O, concentrations.

2) lllumination
Visible light can potentially trigger ROS release and act
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as an exogenous source of OS during ART procedures
[37]. It is therefore suggested that minimizing exposure of
oocytes, zygotes and embryos to visible light should yield
superior ART outcomes. While such an assumption has
not been fully investigated, animal studies confirmed a
protective effect for smaller amounts of short-wavelength
visible light. Takenaka et al [38] exposed hamster and
mouse zygotes to sunlight, and to cool or warm white fluo-
rescent light and measured highest levels of ROS and
apoptosis with sunlight exposure, followed by cool white
fluorescent light and warm white fluorescent light. After
transferring embryos to surrogate mothers, the authors ob-
served that those developed from zygotes shielded from
light (control) had a better rate of progress to full term com-
pared to those exposed to warm white and cool white fluo-
rescent lights for 15 minutes. Girotti [39] evaluated the ef-
fects of visible light and found that it could cause OS in-
duced damage to cholesterol and unsaturated lipids con-
tained in cell membranes.

3) Culture media

The composition of the media used during the culture of
human oocytes and embryos has a direct influence on em-
bryo quality and subsequently ART success [14]. The pres-
ence of metallic ions, such as iron or copper in the culture
medium is particularly influential as it may lead to in-
creased ROS generation [40] by activation of relevant en-
zymes or simply by catalysis by Fe’*/Fe’* ions in the
Haber-Weiss and Fenton reactions to produce hydroxyl
radicals [41]. Bedaiwy et al [30] reported that increased
levels of ROS in the culture medium correlated with im-
paired blastocyst development, cleavage, and fertiliza-
tion, as well as increased fragmentation rates. As such, the
addition of metal chelators to culture media have been in-
vestigated with a goal to reduce the ability of metals to re-
act and produce ROS in the in vitro setting. Transferrin, an
iron chelator, has been found to decrease lipid perox-
idation and formation of ROS when added to the culture
media [42].

4) pH and temperature

pH changes can influence cellular homeostasis affect-
ing crucial physiologic properties, such as protein syn-
thesis, mitochondrial function, cytoskeletal regulation,
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and cellular metabolism [43]. In culture media, pH alter-
ations can negatively impact sperm motility, oocyte matu-
ration, and embryo development [43]. Incubator temper-
ature is another important variable which should con-
stantly be maintained at human body temperature [44], as
increasing temperatures can decrease pH levels [45] and
cause ROS-induced cellular damage [46)].

5) Centrifugation

Centrifugation is a routine step performed during sperm
preparation to remove seminal plasma and other con-
stituents, such as dead cells, debris, and immature sperm,
which are a potential source of ROS [47]. However, the
centrifugation process itself can aggravate ROS levels,
with a direct relationship between centrifugation time and
ROS formation [47]. Longer centrifugation time exposes
sperm to higher temperatures negatively affecting sperm
parameters [48].

6) Cryopreservation

Cryopreservation involves the preservation of game-
tes/fembryos and whole ovarian or testicular tissues by
cooling to sub-zero temperatures followed by thawing for
use in ART [49]. Although the use of cryoprotectants and
optimized protocols, such as vitrification may offer pro-
tection, freezing, and thawing exposes sperm to extreme
stress capable of modifying their structure and integrity
[50]. Cryopreservation can cause sperm membrane dam-
age as a result of lipid peroxidation [51] and cause OS in-
duced DNA fragmentation, thereby decreasing sperm mo-
tility and viability [52,53].

3. Implications of oxidative stress on assisted
reproduction outcome

Several studies have evaluated the effect of OS from
both male and female origins on the clinical outcome of
ART. Hammadeh et al [54] assessed the concentrations of
ROS and total antioxidant status in seminal plasma and
sperm parameters of 26 male partners of patients under-
going IVF or ICSI. While these authors did not report any
significant difference between patients who achieved
pregnancy and those who did not, both groups demon-
strated a negative correlation between ROS concentration
and sperm vitality, membrane integrity, and morphology.
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More importantly, a significant negative correlation be-
tween the ROS concentration in seminal plasma and fertil-
ization rate in both IVF/ICSI programs was detected.
Ozatik et al [55] evaluated serum total oxidant and anti-
oxidant levels prior to and after oocyte pickup and embryo
transfer. Seventy normal females were enrolled who were
undergoing ART due to severe male factor infertility. The
authors determined that clinical pregnancy is more likely

to occur in women with a higher total antioxidant status
prior to and after ova pickup and prior to and after embryo
transfer. OS index before ovum pickup was one of the
most important determinants for clinical pregnancy, where
the higher the OS index the lower the pregnancy rate.

Table 1. Antioxidant use in the assisted reproduction setting

Circumstance Substance Effect Evidence
reference
As a Quercetin (50 #M) Improves semen parameters and DNA integrity 58
cryoprotectant
Catalase (100~200 [U/mL) Improves sperm motility, vitality, and DNA integrity 64
Resveratrol (0.5~1 mmol/L) Minimizes post-thaw lipoperoxidation 67
Vitamin E (200 M) Improvement in post-thaw motility 71
Selenium Improves sperm motility, viability, OS measures and 73, 74
(1~2 pg/ml) DNA integrity
For IVF/ICSI Vitamin E (200~400 mg Improves sperm motility, vitality, OS measures, DNA 75~77
orally/d; 10 mmol/L in vitro) integrity, fertilization rates with IVF and clinical
pregnancy rates following ICSI
Vitamin C (500~ 1,000 mg Improves sperm motility, morphology, OS measures, 82~84, 86
orally/d; 800 mmol/L in vitro) DNA integrity, and clinical pregnancy rates following
ICSI
Carnitine (500~2,000 mg Improvement in progressive motility 93
orally/d;
Co-Q10 (100~600 mg Improves sperm motility and increases fertilization rate 94, 98
orally/d; 50 «M in vitro) in IVF/ICSI
NAC (300~600 mg orally/d;  Reduces OS measures and apoptosis 102, 104
1 mg/mL in vitro) Improves sperm motility 105
High SDF Vitamin C+E (1,000 mg+200 Improve sperm concentration and reduces oxidative 111, 114
before ART mg orally/d) DNA damage
Provide protection against sperm DNA damage when 112
added to wash media during IVF
Folic acid (0.25~0.5 mg Contradictory effect on SDF levels 116~118
orally/d)
For 1UI NAC (300~600 mg orally/d)  Improves sperm concentration and motility. No effect on 103, 120
clinical pregnancy rate after 1UI.
Carnitine (500~2,000 mg Improves sperm concentration and motility 103
orally/d)
CoQ10 (100~600 mg Improves sperm density and motility 96
orally/d)
Vitamin C+E (400 mg+400 Improve total sperm count 122
mg orally/d)
For testicular PF (1.5~1.76 mmol/L) Improves motility, allow easier identification of vital 132~134

sperm

sperm, shorten the procedure, improve fertilization
rates, and increase the number of embryos

IVF: in vitro fertilization, ICSI: intracytoplasmic sperm injection, SDF: sperm DNA fragmentation, ART: assisted reproductive
techniques, 1UIl: intrauterine insemination, Co-Q10: Coenzyme Q10, NAC: N-Acetyl cysteine, PF: pentoxiphylline, OS:

oxidative stress.
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ANTIOXIDANT USE IN THE ASSISTED
REPRODUCTION SETTING

Antioxidants have been utilized in the management of
male infertility in various clinical settings (Table 1). While
generally a favorable effect has been observed, consid-
erable variability in the reported outcomes exist and is
principally related to lack of uniformity of the clinical cir-
cumstances in which the antioxidant is investigated and
the type, duration, and dosage of the substance used.
Therefore, it is imperative to clearly recognize the circum-
stances where antioxidant use is most helpful. During the
course of ART, the following clinical scenarios warrant
treatment with antioxidant supplementation.

1. Scenario 1

1) Clinical presentation

A 32-year-old man who was diagnosed with non-
Hodgkin’s lymphoma presents to the andrology labo-
ratory for sperm cryopreservation before the start of
chemotherapy. He is not married and his semen parame-
ters were found to be normal on routine semen analysis
(World Health Organization [WHQO] 2010 [56]).

A suitable approach to protect human spermatozoa
from the deleterious effects of ROS during the cryopre-
servation process is the addition of antioxidant supple-
ments to the freezing solution [57]. Antioxidants, through
their ability to quench or neutralize excess ROS could of-
fer protection against the OS induced by the cryopre-
servation process [58-60]. Several antioxidants have been
investigated as cryoprotectants; they include quercetin,
catalase, resveratrol, vitamin E, and selenium (Se).

2) Proof of antioxidant use

Quercetin is a bioflavonoid with well documented anti-
oxidant and anti-inflammatory properties [61,62] that has
been investigated as a potential supplement for improving
cardiac health and preventing cancer. Zribi et al [58] eval-
uated the effect of quercetin as a cryoprotectant prevent-
ing sperm damage during the freezing-thawing process.
Seventeen semen samples were divided into two aliquots,
the first was cryopreserved with a freezing solution only
while the second with the freezing solution +quercetin up
to a concentration of 50 M. While a significant improve-
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ment in post thaw sperm parameters was detected regard-
ing sperm motility (p=0.007), viability (p=0.008), and
DNA integrity (p=0.02) in the quercetin group compared
to the control group, no effect on caspase 3 activation, a
measure of OS, was observed between groups. Animal
studies have also confirmed a similar protective effect of
quercetin which significantly improved the sperm motility
and zona binding ability, and reduced DNA fragmenta-
tion in cryopreserved stallion sperm [63].

Catalase is a common enzyme found in nearly all living
organisms exposed to oxygen protecting cells from OS
through catalyzing the decomposition of hydrogen per-
oxide (H,O,) to water and oxygen [64]. Moubasher et al
[60] investigated the protective effects of catalase on se-
men parameters and sperm DNA integrity during cryopre-
servation. While there was no significant difference in
sperm concentration, a significant increase in the percen-
tages of progressive motility and sperm vitality and a sig-
nificant decrease in the percentage of DNA damage were
observed when catalase was added to the media before
cryopreservation.

Resveratrol, a known antioxidant, is one of the most im-
portant polyphenols found in red wine. It has many health
benefits, most notably alleviation of age-related diseases,
such as neurodegeneration, carcinogenesis, and athero-
sclerosis [65]. Few human and animal studies have con-
firmed a potential benefit for resveratrol use during cry-
opreservation on sperm parameters after the thawing
process. A protective effect of resveratrol against freeze in-
duced sperm DNA damage has been identified [66].
Furthermore, the addition of resveratrol was able to pre-
vent post-thaw lipid peroxidation in both fertile and in-
fertile men thereby preventing the damaging effect of cry-
opreservation on sperm concentration and morphology
[67]. On the contrary, while animal studies have con-
firmed a protective effect for resveratrol on sperm DNA in-
tegrity, they failed to find a significant influence on semen
parameters and OS measures [68,69].

Vitamin E is perhaps the most commonly utilized anti-
oxidant in cryoprotective media due to its favorable effects
on post-thaw motility and DNA integrity [70]. Taylor et al
[71] divided 23 normal and 20 abnormal semen samples
into three aliquots prior to cryopreservation. The first ali-
quot remained untreated and was mixed with cryopreser-
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vation medium while the second and third aliquots were
mixed with cryopreservation medium containing either
100 or 200 M vitamin E analogue. After a freeze/thaw
process, samples were assessed for motility, vitality, and
DNA integrity. A direct relationship between vitamin E
and post-thaw motility (p=0.041) was observed. While
post-thaw motility was significantly improved with the ad-
dition of 200 M vitamin E (p=0.006), neither vitality nor
SDF were altered. These results suggest that the addition of
vitamin E to cryopreservation medium may improve
post-thaw motility.

Se is an essential trace element mainly involved in nor-
mal testicular development and spermatogenesis protect-
ing sperm DNA against OS. It is believed that Se provides
protection against OS through potentiating the activity of
glutathione peroxidases and thioredoxin reductases. Se
deficiency has been linked to sperm mid-piece morpho-
logic abnormalities and impairment of sperm motility
[72]. Most in vitro studies examined the effects of Se on
cryopreservation techniques. Early reports on the in vitro
use of Se in semen extenders showed a protective effect of
the element against freezing injury [73]. The addition of 1
and 2 rg/mL, respectively, of Se to the semen before
freezing significantly increased the post-thaw motility
compared to non-treated specimens. Similar results were
seen in animal studies; where the addition of identical
concentrations of Se to semen extenders significantly im-
proved post-thaw sperm motility, viability, membrane in-
tegrity and semen total antioxidant capacity and reduced
SDF in water buffaloes sperm [74].

3) Take home message

Cryopreservation may lead to deleterious changes of
sperm structure and function that occur secondary to the
state of OS induced by the freezing and thawing process.
While further studies are needed, the supplementation of
freezing media with antioxidants in vitro appears to im-
prove sperm quality after thawing.

2. Scenario 2

1) Clinical presentation

A 38-year-old gentleman presents complaining of a
4-year duration of primary infertility. His semen analysis
revealed a sperm concentration of 3.4 million/mL, total

motility of 15% and a normal morphology of 2% (WHO
2010 [56).

This patient is a candidate for ART due to poor semen
quality. As previously explained in this article, many of the
steps performed during the course of ART impact the sper-
matozoa, oocytes, and embryos due to OS, thus lowering
the clinical outcome of ART [37,47]. Consequently, a
number of antioxidant molecules have been investigated
with the goal to reduce OS measures during the course of
ART and hoping for higher clinical outcome.

2) Proof of antioxidant use

(1) Vitamin E

Vitamin E ( @-tocopherol) is a fat soluble organic com-
pound located mainly in cell membranes. It has the ability
to quench free hydroxyl radicals and superoxide anions al-
lowing it to reduce lipid peroxidation initiated by ROS at
the level of plasma membranes. At this level, vitamin E in-
teracts with water soluble antioxidants, such as ascorbate
(vitamin C) and glutathione which regenerate the lipid
soluble vitamin E.

@ Oral supplementation: Studies exploring the effects
of vitamin E supplementation recorded increased rates of
sperm motility, in vitro sperm function, and fertilization
rates in IVF, with decreased levels of malondialdehyde
(MDA) compared to placebo groups [75,76]. In patients
with prior history of IVF failure, 3 months supplementa-
tion of 200mg vitamin E resulted in significantly higher fer-
tilization rate and lower MDA levels in the subsequent IVF
cycle [75]. The in vitro use of vitamins E and C also had fa-
vorable effects on sperm function tests, where a reduction
in the levels of ROS and SDF were observed in both nor-
mozoospermic and asthenozoospermic samples [77].

@ In vitro use: The in vitro antioxidant activity of vita-
min E was investigated on 122 semen samples where, at a
dose of 10 mmol/L, significant suppression of lipid perox-
idation was detected leading to preservation of sperm mo-
tility [78].

(2) Vitamin C

Vitamin C (ascorbic acid) is a water-soluble compound
that is highly concentrated in seminal plasma [79]. It has
the ability to neutralize hydroxyl and superoxide radicals
as well as the highly reactive hydrogen peroxide thereby
providing sperm with protection against OS [80]. Studies
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have confirmed the presence of an inverse relationship be-
tween seminal vitamin C concentrations and abnormal-
ities in sperm parameters. Lower vitamin C levels and
higher ROS levels were observed in the seminal plasma of
asthenozoospermic men [81]. Additionally, dose-de-
pendent positive correlations between vitamin C levels
and sperm motility [82] and the percentage of normal
sperm morphology [83] were detected.

@ Oral supplementation: Vitamin C has been mainly
investigated in combination with other vitamins. Patients
treated with vitamins C and E had a significant reduction in
the percentage of SDF and a significant improvement in
clinical pregnancy and implantation rates following ICSI
[84]. A randomized double-blind, placebo-controlled trial
investigated a combined antioxidant regimen, including
vitamin C (lycopene 6 mg, vitamin E 400 IU, vitamin C
100 mg, zinc 25 mg, Se 26 « g, folate 0.5 mg, garlic 1 g)
in couples undergoing ICSI. The authors reported a sig-
nificant improvement in viable pregnancy rate in the treat-
ment group, where 38.5% of transferred embryos resulted
in a viable fetuses compared to 16% in the placebo group
[85].

@ In vitro use: Experiments designed to identify the
optimal in vitro vitamin C level revealed that higher doses
(>1,000 mmol/L) were found to paradoxically increase
ROS levels causing worsening of sperm motility [86].
However, at therapeutic doses, a dose-dependent positive
effect was observed, with optimal motility achieved after
incubation in 800 mmol/L for 6 hours [86]. One animal
study examined the direct effect of vitamins C and E on
mouse blastocyst development. The authors reported an
increase in blastocyst development when incubated in
culture media containing 50 «M vitamin C or 400 /M vi-
tamin E; however, with significant levels obtained with vi-
tamin C only [87].

(3) Camitine

Carnitine is another water-soluble antioxidant actively
involved in sperm motility as it is considered as a fuel
source of energy. It has anti-cytokine and anti-apoptotic
actions and can prevent lipid peroxidation [88]. Its favor-
able effect on sperm motility was confirmed by a number
of studies showing significant improvements in astheno-
zoospermic men [89,90].

@O Oral supplementation: While no specific studies
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were performed on the effect of oral carnitine supple-
mentation on ART outcome, most studies involving oral
carnitine therapy have demonstrated a significant benefit
particularly on sperm motility [89-91]. Lenzi et al [89]
demonstrated significant improvement in sperm motility
and pregnancy rate in patients with oligoasthenoter-
atozoospermia (OAT) receiving a carnitines. Similarly,
Balercia et al [90] confirmed such response to therapy spe-
cifically among patients with lower baseline values of
motility. A double blind, placebo controlled randomized
clinical trial examining therapy with pentoxiphylline (PF,
400 mg twice daily) and/or L-carnitine (500 mg twice dai-
ly) reported an improvement in all semen parameters with
the combination therapy in comparison to PF only, L-car-
nitine only, or placebo [92]. The authors concluded that
this combination regimen may influence ART as it caused
a shift in the choice of the recommended ART treatment
among infertile patients.

@ Invitro use: Al-Dujaily et al [93] investigated semen
from 100 infertile men dividing their samples into four
groups, control, pentoxifylline only, L-carnitine only and a
combination of pentoxifylline and L-carnitine. Results
showed a statistically significant increase in the percent-
age of progressive motility, the highest of which occurred
among the combination group [93].

(4) Coenzyme Q10

Coenzyme Q10 (CoQ10) is an essential antioxidant that
is ubiquitous to almost all body tissues. It is highly con-
centrated in sperm mitochondria where it plays an integral
role in energy production [94,95].

@ Oral supplementation: When administered orally,
CoQ10 is capable of attenuating OS in seminal plasma
and improve semen parameters and antioxidant enzy-
matic activity. Studies evaluating the oral use of CoQ10
have revealed an improvement in sperm concentration
and motility together with an increase in spontaneous
pregnancy rates [96,97]. The effect of oral CoQ10 therapy
on the outcome of ICSI was addressed by Lewin and Lavon
[94], who treated 17 patients with low fertilization rates af-
ter a prior ICSl trial with oral CoQ10 (60 mg/d) for a mean
of 103 days before a subsequent ICSI trial. No significant
changes were noted in most sperm parameters, however a
significant improvement in fertilization rates from a mean
of 10.3% + 10.5% t0 26.3% + 22.8% after CoQ10 therapy
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(p<0.05) was detected.

@ In vitro use: in the same previous study, Lewin and
Lavon [94] evaluated 38 semen samples from infertile men
with prior failed IVF/ICSI. Samples were incubated for 24
hours in HAM's medium alone, HAM’s with 1% dimethyl
sulfoxide and HAM's with 5 or 50 «M CoQ10, respec-
tively. A significant increase in motility was observed in
the 50 ~M CoQ10 subgroup of sperm from asthenozoo-
spermic men (p<0.05) [94]. More importantly, CoQ10
supplementation increased fertilization rates in the sub-
sequent cycle. Another study, assessed the effects of an an-
tioxidant formula containing zinc, D-aspartic acid, and
CoQ10 on sperm parameters and OS measures in vitro
[98]. The authors observed, that after incubating semen
samples from 12 normozoospermic and 12 asthenozoo-
spermic patients for 3 hours, the antioxidant formula
maintained sperm motility in normozoospermic men
(37.7% +1.2% vs. 35.8%+2.3% at time zero) and im-
proved it significantly in asthenozoospermic patients
(26.5% +1.9% vs. 18.8% +2.0% at time zero) when com-
pared to controls (p<0.01). Moreover, a statistically sig-
nificant lower sperm lipid peroxidation level was detected
in both normozoospermic men and asthenozooseprmic
patients (p<0.05).

(5) N-Acetyl cysteine

N-Acetyl cysteine (NAC) is a nucleophilic amino acid
that is converted in the body to cysteine, a precursor to
glutathione which is the main endogenous antioxidant
against lipid peroxidation in the epididymis and testes
[99]. Through scavenging lipid peroxides and H,O,, it
confers protection for lipid constituents, thus preserving
sperm viability and motility [100]. Deficiency of gluta-
thione was found to be associated with sperm mid-piece
instability and abnormal motility [101].

@ Oral supplementation: A direct dose- and time-de-
pendent reduction of seminal ROS after exposure of hu-
man spermatozoa to NAC was reported by Oeda et al
[102] concluding that treatment of patients with NAC
might be a useful option in reducing OS. Oral treatment
with NAC (600 mg daily) was associated with significant
improvement in sperm motility in comparison to placebo
in 120 patients with idiopathic infertility [103]. Moreover,
the authors confirmed its beneficial effect on measures of
OS through reporting higher serum total antioxidant ca-

pacity and lower total peroxide and OS index in the
NAC-treated group compared with the control group.

@ In vitro use: Prolonged in vitro incubation of human
spermatozoa is associated with activation of mitochon-
drial ROS and loss of sulfhydryl (-SH) groups. Aitken et al
[104] demonstrated that the addition of nucleophilic com-
pounds to semen samples, provided protection against
ROS-induced motility reduction. NAC was also found to
exhibit an inhibitory effect on germ cell apoptosis in the
human seminiferous tubules in vitro [105].

3) Take home message

OS occurring during the course of IVF/ICSI significantly
impairs the procedures’ outcome. The oral and in vitro use
of vitamin E, vitamin C, carnitines, CoQ10, NAC, and PF
appear to convey protection against OS and improve the
utilized sperm quality. Despite this potential benefit, addi-
tional high-quality studies are required before adopting
the routine use of antioxidants by laboratories before ART.
However, one has to caution against a possible over-dos-
age of antioxidants as this might throw the fine balance of
the bodily redox potential from OS into reductive stress
which is as dangerous as OS [106,107].

3. Scenario 3

1) Clinical presentation

A 25-year-old married man presents complaining of
secondary infertility of 8 years’ duration. The couple has
had recurrent first trimester spontaneous pregnancy loss.
His semen analysis revealed oligozoospermia, however,
with elevated sperm DNA fragmentation index of 54% as
determined with the sperm chromatin structure assay.

Elevated SDF has been recognized as an influential fac-
tor in cases of recurrent spontaneous pregnancy loss.
Recent evidence indicate that such patients are better
managed with ICSI due to a superior reproductive out-
come [108]. However, the high SDF in patients under-
going ICSI puts them at an increased risk of pregnancy loss
in comparison to patients with normal SDF [108].

While advanced sperm selection techniques could car-
ry a potential benefit for patients with high SDF under-
going ICSI [109,110], it is best to aim for strategies that
may reduce the level of SDF even before performing the
procedure. As such, few studies have reported the effect of
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multiple antioxidants on measures of SDF during the
course of ART.

2) Proof of antioxidant use

Kodama et al [111] assessed the effect of oral vitamin E
supplement (200 mg/d) combined with vitamin C (200
mg/d) and glutathione (400 mg/d) in 19 infertile men over
a 2-month period. A significant increase in sperm concen-
tration and a decrease in oxidative DNA damage (measured
by 8-hydroxy-2’-deoxyguanosine levels) were detected.
Greco et al [112] assessed the effect of oral antioxidant
supplementation on males with more than 15% SDF un-
dergoing ICSI and who had at least one unsuccessful pre-
vious ICSl trial. After a treatment regimen consisting of 1 g
of vitamin C and vitamin E for 2 months, a 76% decrease
in sperm DNA damage was reported in the treatment
group, while pregnancy rates increased from 7% to 48%,
and implantation rates from 2% to 19%. Furthermore,
Abad et al [113] examined semen parameters and SDF lev-
els following different incubation times in samples ob-
tained prior to and 3 months after treatment with anti-
oxidants in 20 infertile men with asthenoteratozoospermia.
L-carnitine (1,500 mg), vitamin C (60 mg), CoQ10 (20
mg), vitamin E (10 mg), vitamin B9 (200 1« g), vitamin B12
(1 ¢ g), zinc (10 mg), and Se (50 «g) were the antioxidants
investigated by these authors. In addition to detecting a
significant increase in sperm concentration (p =0.04), mo-
tility (p=0.04), vitality (p=0.002), and morphology (p=
0.04) after antioxidant therapy, significant improvements
in DNA integrity were also witnessed at all incubation
points (p<0.01).

The combination of vitamin C (600 M), vitamin E (30
and 60 #M), and urate (400 M) provided significant
protection against SDF when added under in vitro con-
ditions to sperm wash media or during IVF procedures
[114].

Folic acid is a vitamin B that is known to play a vital role
in nucleic acid synthesis and amino acid metabolism. It al-
so carries free radical scavenging abilities. Low levels of
folic acid in seminal plasma has been associated with in-
creased levels of SDF [115]. Studies investigating the effi-
cacy of folic acid in reversing SDF have been contra-
dictory [116-118].
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3) Take home message

SDF has been recognized as a significant factor de-
termining ART outcome. The oral and in vitro utilization
of vitamins E and C were found to lower SDF levels in pa-
tients undergoing IVF/ICSI resulting in a superior re-
productive outcome.

4. Scenario 4

1) Clinical presentation

A 34-year-old gentleman presents complaining of pri-
mary infertility of 2 years’ duration. His semen analysis re-
veals a total motile sperm count (TMC) of 12 million. His
wife is 26 years of age and her gynecologic evaluation was
normal.

The patient in this clinical scenario may be a candidate
for intrauterine insemination (IUl). The criteria for patient
selection for lUl depends principally on the TMC together
with the presence of normal female ovulation and patent
reproductive tract. In general, at least 5 million motile
sperm should be present in fresh semen samples and at
least 1 million sperm should be inseminated after sperm
preparation [119]. While the patient in this clinical scenar-
io can be offered IUI, attempts at further increasing his
TMC or protect his sperm parameters against OS induced
injury by sperm preparation methods should be favored to
improve his 1Ul outcome. Few studies on antioxidant sup-
plementation have evaluated their effect on the TMC or on
IUI outcome.

2) Proof of antioxidant use

In one randomized controlled study, Attallah et al [120],
particularly enrolled 60 patients with idiopathic astheno-
zoospermia undergoing [UI. Patients were equally rando-
mized into two groups; treatment group: 600 mg NAC for
12 weeks and a control group: no treatment. The authors
reported significantly higher sperm concentration and mo-
tility in the treatment group compared with the control
group, p=0.04 and p=0.03, respectively. However, this
study failed to find a significant effect on the clinical preg-
nancy rate between both groups. Several other anti-
oxidants were found to influence the TMC in patients with
oligoasthenozoospermia. L-carnitine (2 g/d) given to 30
men for a period of 3 months showed a statistically sig-
nificant improvement in sperm concentration and total
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motility compared with the placebo [121]. The combina-
tion of 600 mg NAC and 200 «g Se resulted in a sig-
nificant improvement in all semen parameters with a dose-
dependent positive correlation between the sum of Se and
NAC concentrations, and mean sperm concentration, mo-
tility and the percentage of normal sperm morphology
[103]. Safarinejad [96] randomly assigned 212 infertile
men with idiopathic OAT to receive either 300 mg CoQ10
or a placebo orally for a period of 26 weeks. He demon-
strated a significant increase in sperm density and motility
with CoQ10 therapy (p=0.01). Finally, Eskenazi et al
[122] evaluated the nutrient intake of 97 healthy non-
smoking men comparing the results with the participant’s
semen parameters. They observed statistically significant
direct relationship between vitamins C (p=0.009) and E
(p=0.05) intake and measures of total progressive motile
sperm count.

3) Take home message

In addition to the female partner’s status, the 1Ul out-
come is dependent on the quality of the sperm being
injected. The single study investigating the use of NAC in
patients undergoing Ul demonstrated a significant im-
provement in sperm quality prior to the procedure without
documented improvement in pregnancy outcome. The or-
al administration of vitamins C and E, carnitines, and
CoQ10 was found to significantly improve TMC thereby
theoretically improving the chances of 1Ul success.
Further studies are still required in this particular situation
in order to withdraw sound conclusions.

5. Scenario 5

1) Clinical presentation

A 38-year-old patient with non-obstructive azoo-
spermia has underwent microsurgical testicular sperm ex-
traction coupled with a fresh ICSI cycle. Analysis of tes-
ticular tissues revealed the presence of 2~3 immotile
sperm per high power field.

The understanding that patients with non-obstructive
azoospermia may still harbor sperm in selective areas of
their testes that can be harvested and used for ICSI pro-
vided such patients with hope to father biologic children.
Nonetheless, work with testicular sperm is slightly more
demanding. In many instances, testicular sperm are im-

motile as they have not achieved this characteristic which
is usually obtained during epididymal transit [123]. There-
fore, in order to identify viable testicular sperm for ICSI
methods, such as prolonged incubation or hypo-osmotic
swelling test were utilized before the procedure
[124,125]. While these methods were proven to be suc-
cessful, they also may illicit harm to the sperm [126-128].
As such efforts were made to investigate antioxidant sup-
plements that can trigger motility in vitro and help in iden-
tification of sperm for ICSI.

2) Proof of antioxidant use

PF has been specifically utilized to improve the quality
of testicular sperm obtained surgically. It is a xanthene de-
rivative that has anti-inflammatory and muscle relaxing ca-
pabilities which allowed it to be used for the treatment of
peripheral vascular disease [129]. Its ability to inhibit
phosphodiesterase was investigated as a potential inducer
of sperm motility in vitro [130,131]. Kovacic etal [132] in
their retrospective study assessed the effect of short time
exposure of testicular samples containing only immotile
sperm to PF. Seventy seven testicular sperm samples were
included and divided into 2 groups. In group 1 (n=30),
ICSI was performed with untreated testicular sperm; while
in group 2 (n=47), the samples were treated for 20 mi-
nutes with PF (1.76 mmol/L) before ICSI. Almost all sam-
ples that were treated with PF (95.7%) started to move af-
ter treatment. A shorter ICSI time (30 min vs. 120 min),
higher fertilization rate (66% vs. 50.9%; p<0.005) and
better number of embryos per cycle (4.7 +3.3 vs. 2.7+
2.1; p<0.01) were observed in the PF vs. the non-PF
groups. The clinical pregnancy rate per cycle was 38.3%
in the PF group and 26.7% in the non-PF group.

In another comparative study, Griveau et al [133] per-
formed 108 ICSI cycles with testicular sperm obtained
from men with non-obstructive azoospermia. In 64 sam-
ples, no motile sperm were observed and hence the sam-
ples were treated with PF (1.5 mmol/L) for 10 minutes,
whereas the other 44 ICSI cycles were performed using
spontaneously motile spermatozoa and served as a con-
trol group. In 100% of treated samples, PF was successful
in initiating sperm motility. A fertilization rate of 54.2%
was observed in the PF treated group versus 66.7% in the
control group (p<0.02). Pregnancy occurred in 29 out of
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the 64 PF cycles (45.3%/cycle), whereas 12 pregnancies
occurred in the control group (27.3%/cycle). This ability
of PF to enhance sperm motility in vitro has also been re-
produced in several other studies [132,134,135]. On the
other hand, an excessive treatment of spermatozoa with
PF, particularly for IVF, should be avoided as PF due to its
ability to inhibit phosphodiesterase activity results in sub-
sequent increase in cyclic adenosine monophosphate lev-
els and stimulation of acrosome reaction. Since perfect
timing of acrosome reaction is essential for IVF, an
over-stimulation with PF can result in an premature acro-
some reaction and therefore, fertilization failure.

3) Take home message

Sperm retrieval procedures allowed patients with azoo-
spermia to conceive using testicular sperm. In many occa-
sions, the motility of testicular sperm may be altered caus-
ing difficulty in selecting viable sperm for ICSI. PF can
stimulate motility of testicular sperm, allow easier identi-
fication of vital sperm, shorten the procedure, improve fer-
tilization rates, and increase the number of embryos that
can be used for ICSI.

THE OXYGEN PARADOX

It has always been puzzling to realize that the single
molecule supporting aerobic life, oxygen, is not just essen-
tial for survival, but is also involved in the pathophysiol-
ogy of numerous diseases and degenerative states due to
OS resulting from ROS generation. This is due to the very
nature of the element oxygen as it in itself is a reactive bir-
adical which will form highly reactive intermediates. The
damaging effects of ROS is prevented due to the counter-
balancing effect of the body’s enzymatic and non-enzy-
matic antioxidant systems. The antioxidant supplementa-
tion has been proven to offer a protective effect against
OS. Nonetheless, the uncontrolled or exaggerated use of
antioxidants should be discouraged to avoid a condition
called “antioxidant paradox” leading to ‘reductive stress’
[136], which is as dangerous for cells as OS [107,137-139]
as it can also be the cause of various diseases and
infertility. Henkel [107] and Chen et al [139] highlighted
this problem as over-dosage of patients might result in re-
ductive stress and infertility as antioxidants have the po-
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tential to cause both, positive and seriously harmful effects
on male fertility and wellbeing. It is believed that an over-
dose of antioxidants may disrupt the fine bodily balance
between oxidation and reduction. One example is the in-
crease in sperm DNA decondensation that has been re-
ported to occur with exaggerated use of supra-physiologic
doses of antioxidants [140,141]. Such a condition may in-
duce chromosomal abnormalities, lead to cytoplasmic
fragments in the embryo and be deleterious for early
development.

CONCLUSIONS

Excessive ROS resulting in OS can have a serious neg-
ative impact on the outcome of ART. Since the generation
of ROS during the course of ART cannot be completely
avoided, strategies that can minimize their detrimental ef-
fects on ART outcomes should be utilized. The in vitro use
of antioxidants in the clinical laboratory setting during
ART procedures should be considered, along with the
constant evolvement and optimization of the laboratory
techniques and environment. Several antioxidants are
available with varying evidence of benefit. The identi-
fication of best antioxidant molecule and its optimal dos-
age suitable in different forms of ART remain an area of on-
going research. In addition, a thorough evaluation of the
bodily redox potential is crucial for proper diagnosis and
treatment of patients with antioxidants. However, as long
as scientists and clinicians do not know what the normal
redox potential in the male reproductive tract and in se-
men is, it will be difficult to suggest a rational evi-
dence-based antioxidant therapy. Recently researchers at
the Cleveland Clinic’s American Center for Reproductive
Medicine have established an oxidation-reduction poten-
tial assay (ORP) using a novel galvanostat-based technol-
ogy as an effective method for measuring OS in semen and
distinguishing normal men from male factor infertility
patients. ORP captures a reliable, complete, and rapid pic-
ture of OS in a given semen sample, providing a functional
component not contained within the semen analysis.
Identification of abnormal levels of OS can enhance clin-
ical understanding related to poor sperm function, espe-
cially in idiopathic and unexplained male infertility cases,
and help optimize treatment strategies for male factor in-
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fertility [142-145].
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