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ABSTRACT

Recently the problem of infertility has become more
acute. About 3% - 7% of couples suffer a lasting in-
fertility problem and there is a tendency of constant
increasing of this number. Existing data reveal that in
many of the infertility cases, the cause of sterility is
the disabled sperm as a result of the oxidative stress
(OS). There are several sources of reactive oxygen
species (ROS) in the sperm. Both enzymatic and non-
enzymatic antioxidants act as a counteraction against
ROS production in seminal plasma. However due to
the limited cytoplasm, the spermatozoa are more
susceptible to oxidative damage because of the lack
of protective cytoplasmic antioxidant enzymes. Cur-
rently, many couples suffering fertility problems re-
sort to assisted reproductive technology (ART).
Unfortunately, the success rate of ART is relatively
low—about 30%. Sperm processing incl. Centrifuga-
tion, freezing and thawing is associated with the gen-
eration of ROS. A range of strategies for sperm pre-
vention of OS are developed. Many studies concern
antioxidants and their impact on sperm function, but
there are a lot of contradictions in terms of doses and
types of combinations that can be used in ART. Fu-
ture studies should aim the creation of standard and
reliable operating procedures for increasing the suc-
cessfulness of these techniques. This paper offers an
overview of the impact of OS on the reproduction,
pointing out the sources of ROS in the sperm, the
antioxidant defense systems, and the strategies for
prevention and improvement of the sperm reproduc-
tive functions, incl. those applied in ART.
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1. THE PROBLEM OF INFERTILITY

Recently the problem of infertility has become more
acute, affecting couples from all over the world.
According to official statistics, the number of childless
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couples in Bulgaria is about 270,000, i.e. almost every
sixth family in this country is affected. One of each
seven couples in the UK suffers reproductive problems.
In Sweden, about 10% of the couples desiring children
are infertile (according to data of the Sahlgrenska
University Hospital). About 10% of the women aged 18 -
44 in the USA (6.1 million) experience difficulties in
getting pregnant (according to The Centers for Disease
Control and Prevention of Disease (CDC, 2011). Pooled
data reveal that worldwide between three and seven per
cent of all couples suffer a lasting infertility problem
(Report of The Department of Reproductive Health and
Research at WHO, 2010). The trend shows that this
number will increase in the future as a result of the effect
of several factors, namely unhealthy lifestyle with stress,
use of substandard food, smoking, early and indiscri-
minate sex and related diseases, environmental pollution,
etc. The planned postponement of pregnancy for later in
life when fertility usually declines is also an influential
factor. For women aged 35 years, about 94% of those
wishing to conceive become pregnant within 3 years,
while in women aged 38 years this percentage decreases
to 77% within 5 years.

Currently, many couples suffering fertility problems
resort to assisted reproductive technology (ART), one of
which is the in vitro method-the last and only hope for
sterile couples. The fact that the 2010 Nobel Prize for
Medicine and Physiology was awarded to the creator of
the in vitro procedure the British professor Robert Ed-
wards demonstrates that his discovery affects a large part
of humankind. Unfortunately, the success rate of ART is
relatively low about 30%.

2. REPRODUCTION AND OXIDATIVE
STRESS

All aspects of life, incl. reproduction are affected by
reactive oxygen species (ROS). ROS are free radicals
(FR), which play a crucial role in the physiological pro-
cess of spermatogenesis, as well as in capacitation,
hyperactivation and penetration of the sperm [1-3],
oocyte maturation and regression of corpus luteum
during normal ovarian reproductive cycle in women.
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However, upon overproduction of ROS or in case of
reduced ability of the organism to protect against them,
they can trigger pathological processes in male and
female reproductive system [4-6]. The status, when ROS
levels exceed the capacity of body antioxidant system
and cause damage to cells, tissues or organs is referred to
as oxidative stress (OS) [7-9]. According to existing data,
the cause of sterility in 30% - 80% of infertility cases is
sperm that is disabled as a result of OS [10]. OS causes
sterility by several mechanisms: 1) ROS damage sperm
membrane (containing a large number of polyunsaturated
fatty acids, which are vulnerable to ROS attacks-the so-
called lipid peroxidation), leading to decreased motility
and difficult fusion between sperm and oocyte [11-13]; 2)
ROS mitochondrial damage, which reduces the energy
available in the cell and thus impedes the movement of
sperm [3,14,15]. Impaired motility causes a smaller
number of sperm reaching the egg, which in turn greatly
reduces the likelihood of fertilization [16,17]; 3) ROS
damage sperm DNA. They are capable of directly attack-
ing both purine and pyrimidine bases and the sugar-
phosphate backbone. Under normal conditions, sperm
DNA is tightly packed with the participation of pro-
tamines, and this protects it from the attack by FR.
During spermatogenesis histones are initially displaced
by transition proteins and then by protamines. Pro-
tamines are significantly smaller than histones and con-
tain many positively charged amino acid residues. This
allows DNA strands which are highly negatively charged
to wrap tightly around the protamine molecules. More-
over protamines contain cysteine residues, allowing for-
mation of disulfide bonds between adjacent protamine
molecules. This is a prerequisite for the formation of a
very stable nucleoprotamine complex in which DNA is
protected from the adverse effects of extrinsic and
intrinsic factors. Although most of the human sperm
chromatin is packaged by protamine, about 15% of the
DNA remains packaged by histones. Histones bind to
specific DNA sequences. The chromatin packaged by
histones, is less tightly compacted and therefore more
likely to be damaged by FR [18,19]. In infertile men a
protamine deficiency is observed, which makes the
genetic material of their germ cells more sensitive to
elevated ROS levels [19]. DNA sequences that are
packaged by histones are less tightly compacted and can
easily decondense during fertilization. Presumably these
sequences are involved in early embryo development
[19]. It is found that one of the main reasons for the poor
development of the blastocyst is the damaged paternal
DNA [20]. Deletions, mutations and other genetic
defects induced by FR, [21,22] automatically affects the
DNA of the newly formed embryo. In normal pregnancy
or normal IVF (not ICSI) the oxidative changes affecting
sperm membrane will block fertilization, which in turn
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will not allow damaged genetic material to be involved
in the formation of the embryo. In procedures such as
IVF-ICSI, however (because of the microinjection) it is
possible that sperm with significantly impaired DNA
could fertilize the corresponding eggs [23]. Although
most of the resulting embryos will die at blastocyst stage
or early fetal development, some of them can survive. As
a result, children with damaged DNA originating from
the father, will be born. Consequences of the birth of
such children are not yet sufficiently clarified, but sug-
gest greater likelihood of developing genetic diseases
and cancer in childhood [24,25].

3. SOURCES OF ROS IN SEMEN

There are two main sources of FR in the sperm-
leukocytes and immature spermatozoa [26]. Of these,
leukocytes are considered as the main source of ROS
[27]. The majority of semen samples contain leukocytes,
and the vast majority of leukocytes are neutrophils and
macrophages. Their function is associated with excessive
generation of ROS, which ultimately leads to dysfunc-
tion of sperm [28-34]. Almost every human ejaculate
contains leukocytes, which makes it difficult to detect
ROS produced by the sperm. In order to prove that
spermatozoa (not just leukocytes) are responsible for
ROS production, male germ cells are separated from
seminal leukocytes using density gradient centrifugation.
It is found that significant amounts of ROS are generated
in the spermatozoa fraction, too. The ability of sperm to
produce ROS is inversely proportional to their maturity.
During spermatogenesis male germ cells lose much of
their cytoplasm to acquire their distinctive slender and
elongated shape. In immature teratozoosperm forms
often a surplus of cytoplasmic residues is observed.
These residues are rich in the enzyme glucose-6-
phosphate dehydrogenase, which controls the flow of
glucose to the cell and hence the synthesis of beta-
NADPH-reduced form (NADP(H)) (via hexose mono-
phosphate pathway). NADP(H)-oxidase, located in the
membrane of the sperm, uses NADP(H) and generates
ROS [29]. Therefore the teratozoosperm male germ cells
produce higher ROS levels compared to normal sperma-
tozoa. This exerts a negative effect on sperm quality [35].
The prolonged incubation of semen samples containing
high levels of immature sperm before their processing
increases the risk of OS damage of the mature sper-
matozoa [36].

Mitochondria are another important source of ROS
[37]. According to literature data [38] about 1% - 3% of
oxygen reduced in mitochondria, generate superoxide
anion radicals (O, ). There are at least nine key points in
the mitochondria, where this is possible [39]: Complex |
(aka NADH-ubiquinone oxidoreductase, C-I), complex
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Il (aka bcl complex, ubiquinone: cytochrome ¢ reduc-
tase, C-111), cytochrome b5 reductase, monoamine oxi-
dase (MAO-A and MAO-B, EC 1.4.3.4), dihydroorotate
dehydrogenase (DHOH, EC 1.3.3.1 or EC 1.3.99.11),
a-glycerophosphate dehydrogenase (aka glycerol-3-phos-
phate dehydrogenase, aka mGPDH, EC 1.1.99.5), suc-
cinate dehydrogenase (SDH, aka succinate: ubiquinone
oxidoreductase, complex Il, EC 1.3.5.1), akonitaza (mito-
chondrial (m-) aconitase, EC 4.2.1.3), a-ketoglutarate de-
hydrogenase complex (KGDHC, aka 2-oxoglutarate de-
hydrogenase).

Xanthine oxidase, a key enzyme in purine catabolism,
is also involved in the production of ROS in sperm
[40,41]. Cellular adenosine triphosphate (ATP) is depho-
sphorylated to adenosine monophosphate (AMP), which
is degraded to hypoxanthine. ATP depletion leads to the
loss of ATP-dependent transmembrane ion transport and
results in disturbances in ion homeostasis. Passive tran-
sport of ions across cell membranes is performed: K* and
Mg?®* diffuse outward the cell and Na*, Ca**—inward the
cell. One of the most important consequences of in-
creased Ca” cellular content is the activation of Ca-
dependent protease that cleaves the xanthine dehydro-
genase to xanthine oxidase. The accumulated hypoxan-
thine converts to xanthine and uric acid. The reaction is
catalyzed by xanthine oxidase, which in the presence of
oxygen generates O, .

4. ANTIOXIDANT PROTECTION

There are three main enzymatic antioxidant systems in
seminal plasma: superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase/reductase system.
SOD and CAT eliminate O, and H,O,, respectively,
transforming them into O, and H,O. Glutathione pe-
roxidases (GSH-Px1-5) reduce peroxides using gluta-
thione (GSH) as a donor of electrons. The activity of
GSH-Px is determined by the regeneration of reduced
glutathione, which is carried by the enzyme glutathione
reductase (GSSG-Red). It is found that selective inhi-
bitors of this enzyme prevent the recovery of reduced
glutathione, resulting in decreased activity of GSH-Px in
male germ cells and thus enhance oxidative stress [42].
Balance and interaction between GSH-Px, GSSG-Red
and glutathione play an important role in protecting
sperm from oxidative damage.

In addition, there is a number of other non-enzymatic
components in the seminal fluid with antioxidant effect
such as: vit. C, vit. E [43], vit. D [44], urate [45], albu-
min, glutathione [46] taurine, hypotaurin [47].

While seminal plasma is rich in antioxidants [48],
sperm contain a limited cytoplasm amount and therefore
the amount of cytoplasmic enzymes in them is scanty. In
ART the seminal plasma is removed, leading to in-
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creased susceptibility of sperm to oxidative damage due
to the lack of protective systems. One of the main
reasons for the removal of plasma is the presence of
motility inhibitor derived from semenogelin | and 11 [49]
in it, as well as because of the leukocytes [50] which, as
already mentioned, are the major source of ROS. Centri-
fugation [51] and the process of freezing and thawing of
semen [52] are associated with the generation of ROS.
Bilodeau et al. [53] found that ROS generated during the
cycles of freezing-thawing are decisive for the function
of spermatozoa and that the levels of antioxidants de-
crease with each pass of such a cycle.

5. STRATEGIES TO PROTECT SPERM
FROM THE ROS

A range of strategies for the prevention of oxidative
stress, which leads to reduction and/or permanent impair-
ment of reproductive functions, are developed. They
include changes in living habits, e.g. reduction and
cessation of smoking, change of dietary regime, directed
to intake of foods rich in antioxidants, incl. vitamins and
minerals, prevention or reduction the exposure to conta-
minated environment at work or at home, etc.

ART is an alternative for childless couples in case of
sperm fertility disturbance. It is experimentally shown
that the use of antioxidants has a positive effect on the
processing and storage of semen. Different antioxidants
are applied: chelators or free radicals scavengers. Che-
lators, deactivates the metal (mainly iron) ions which
catalyze the generation of hydroxyl radicals (OH) via the
socalled Fenton reaction [31]. Currently it is assumed
that ‘OH are the main damaging agent. They initiate lipid
peroxidation (LPO) by decomposition of peroxides in
peroxyl and alkoxyl radicals, which in turn drive the
chain reaction of LPO. Transferrin, lactoferrin and
ceruloplasmin as endogenous metal chelators in human
sperm control the LPO of the plasma membrane, pre-
serving its integrity [54]. Metal chelators exert beneficial
effects against oxidative DNA modifications. It has been
shown in in vitro experiments with salmon sperm that
use of metal chelators (ethylene diamine tetraacetic acid
(EDTA), 1, 10 phenanthroline and neocuproine) reduces
DNA damage [55]. Such studies, however, are not made
with human sperm, except those with addition of EDTA
[51]. In vitro addition of sulphydryl chelators such as 2.3
dimerkaptopropan-1-sulfonate and meso—2, 3-dimer-
kaptosuccinate enhance the quality of semen during ART
[50]. Another sulphydryl-containing agent—dithiothreitol
(DTT) according to some authors [56] is a good anti-
oxidant and added to the storage medium keeps the
quality of the spermatozoa. However, other authors [57]
report that DTT initiates sperm decondensation with
subsequent changes in size and morphology. Some che-
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lators such as nitrosonaftol, o-fenantroline, sodium di-
ethyldithiocarbamate, cupferron, hydroxyquinoline are
toxic to animal sperm [58].

In regard to the ROS scavengers and their role in
maintaining and improving the quality of sperm there is a
number of studies examining the sperm supplementation
with antioxidant enzymes, vitamins and other substances.
Literature data, however, are very controversial. Some
authors have shown that the addition of catalase (CAT)
prevents the reduction of sperm motility after subjecting
them to OS [59,60], while others have found no benefi-
cial effect of CAT on sperm motility [51,61]. Treatment
with superoxide dismutase (SOD) has also given contra-
dictory results. According to Rossi et al. [60], the in vitro
addition of SOD prevents the sperm plasma membrane
from LPO and helps to restore their quality after freez-
ing-thawing procedures. However, Baumberg et al. [59]
show that the addition of SOD increased DNA frag-
mentation in equine sperm, rather than reducing the OS
effects. Similar discrepancies exist for the addition of
vitamin E, glutathione, hypotaurine and many other
antioxidants.

It appears that the concentration of the applied antioxi-
dants is very important. For example, low CAT concen-
trations (1 and 10 U) increase the rate of acrosome
reaction in contrast to the high concentration (100 U).
EDTA in a concentration of 10 uM reliably increases
sperm motility, but applied in a concentration of 1 mM
leads to a sharp drop in motility to near zero [51].

The combination of different antioxidants may also
have diverse effects. In vitro applied ascorbic acid (vita-
min C) has a high antioxidant capacity associated with
the interruption of free-radical chain reaction in seminal
plasma [62]. Alpha tocopherol (vitamin E) also possesses
antioxidant activity. It has been shown that it inhibits
sperm LPO in in vitro experiments [63]. Supplied
individually both vitamins prevent DNA damage, but
together have an opposite effect [64]. The concomitant
intake of vitamin C (350 mg/day) and vitamin E (250
mg/day) in vivo can prevent DNA damage in sperm after
ejaculation [65]. In infertile patients with high levels of
oxidative DNA damage, the combination of vitamin C
and E, together with glutathione results in a slight
increase in the concentration of sperm. Genistein and
equol (isoflavones) in combination have a strong protec-
tive effect against DNA damage than applied separately
[66]. Perhaps there is a very narrow physiological range
in which these antioxidants can work synergistically.

In conclusion, numerous studies concern antioxidants
and their impact on sperm function, but there are many
contradictions in terms of doses and types of combina-
tions that can be used in ART. Further studies should aim
to the creation of standard and reliable operating proce-
dures to increase the success of these techniques and to
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avoid eggs fertilization by impaired sperm, as well as
subsequent development of embryos with damaged
DNA.
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