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INTRODUCTION

The World Health Organization (WHO) defines in-
fertility as the inability to achieve pregnancy within 
12 months of regular sexual intercourse for couples 
in conception. Infertility affects 13–20% of couples 
in Poland and around the world, regardless of race 
or ethnicity [1–4]. It is estimated that male factor of 
couple infertility is between 25% to 50% [2, 5]. The 
lower reference limits for semen parameters accord-
ing to WHO (2010) are shown in Table 1 [6].
Although causes of male infertility can be identified 
as anatomical abnormalities, such as varicocele, se-
men outflow tract obstruction or neurological dis-
orders of ejaculation, most of the cases are caused 
by abnormal spermatogenesis and failure in sperm 
function [1]. Despite the development of science and 
increasingly sophisticated diagnostic methods, in 

some cases, the etiology and pathogenesis of male in-
fertility are still unknown and constitute the group 
of idiopathic infertility. Male fertility disorder is at-
tributed to environmental factors such as exposure 
to certain chemicals, heavy metals, pesticides, and 
heat, or electromagnetic radiation [7, 8, 9]. Smok-
ing, alcohol abuse, chronic stress, obesity, urogenital 
trauma, and inflammation in the male reproductive 
system are also associated with decreased male fer-
tility [10, 11, 12]. The consequence of most of these 
factors is oxidative stress. Oxidative stress is caused 
by the imbalance between the production of so–called 
reactive oxygen species (ROS) and the protective ac-
tion of antioxidant system responsible for their neu-
tralization and removal. An excess of ROS causes a 
pathological response leading to damage of cells and 
tissues. Spermatozoa are particularly susceptible to 
the damaging effects of ROS, because their cell mem-
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brane contains large amounts of unsaturated fatty 
acids, which can be oxidized (lipid peroxidation), and 
the cytoplasm has only small concentrations of the 
enzyme able to neutralize ROS. The lipid oxidation 
process leads to a loss of membrane integrity and an 
increase in its permeability, inactivation of cellular 
enzymes, structural DNA damage, and cell apop-
tosis. The consequence is reduced sperm count and 
activity, decreased motility and abnormal morphol-
ogy [13, 14, 15]. It is estimated that approximately 
25% of infertile men present elevated levels of ROS 
in the semen [16, 17, 18] and often lower antioxidant 
capacity of semen [19, 20, 21]. The scheme of harm-
ful effects of ROS is shown in Figure 1. Therefore, 
it seems reasonable to try to support the treatment 
of male infertility with supplementation having the 
ability to neutralize ROS i.e. antioxidants [22].

Cellular source of ROS in semen

One of the major cellular sources of ROS in the se-
men are sperm cells. From the earliest stages of the 
development of male germ cells they are able to pro-
duce small amounts of ROS [23]. ROS are involved 
in the sperm chromatin condensation, adjusting the 
number of germ cells by induction of apoptosis or pro-
liferation of spermatogonia [24]. In mature sperm, 
ROS play an important role in the capacitation, ac-
rosome reaction, mitochondrial sheath stability and 
sperm motility. ROS can also function as signaling 
molecules (second messengers of cell signaling). 
There are at least two positions and mechanisms of 
their production. The first is the membrane NADPH 
oxidase, an enzyme complex that is contained in the 
cell membrane, and the second are the mitochondria, 

which leak electrons from the respiratory chain. It 
was found also that the production of the superox-
ide anion involves NADH oxidoreductase (diapho-
rase), an enzyme located in the region of the sperm 

Table 1. Lower reference limits for basic semen parameters 
according to WHO manual (2010)

Semen parameter Lower reference value

Liquefaction <60 min 

Volume (mL) ≥1.5 

Ph ≥7.2 

Total sperm number ≥39 mln /ejaculate

Sperm concentration ≥15  mln/ml 

Total sperm motility
≥40%  

≥15.6 mln/ejaculate 

Progressive sperm motility
≥32%  

≥12.5 mln/ejaculate

Vitality
58%  

≥22.6 mln/ejaculate

Normal morphology
≥4%  

≥1.6 mln/ejaculate

Peroxidase–positive cells (leukocytes) <1 mln/ml

Figure 1. Scheme of harmful effects of reactive oxygen 
species (ROS) on male fertility.
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cell midpiece, which is in close conjunction with the 
mitochondrial chain and xanthine oxidase present 
in both sperm and seminal plasma [25]. Sperm cells 
with impaired morphology, mainly with cytoplasmic 
residues indicating their immaturity and reduced 
fertility potential, produce higher amounts of ROS 
than spermatozoa with normal structure [26, 27]. 
There is also a difference between the amounts of 
ROS produced by spermatozoa in different stage of 
maturation [13].
The second source of ROS in the semen are leuko-
cytes that, under physiological conditions, produce 
up to 1,000 times more ROS than spermatozoa [28]. 
This high production of ROS by leukocytes plays an 
important role in the cellular defense mechanism 
against infections and inflammation. In such cases 
activated leukocytes infiltrate the affected organ 
secreting large amounts of ROS that lead to the 
elimination of infectious agents [28]. However, this 
imbalance of oxidants and antioxidants can damage 
the cells. The increase in the number of leukocytes 
in the semen can also be a result of environmental 
factors, long sexual abstinence, or varicocele [11, 25].

The antioxidant system in semen

The protective antioxidant system in the semen is 
made up of both enzymatic and non–enzymatic factors 
and low molecular weight compounds with antioxi-
dant capacity, all of which closely interact with each 
other in order to ensure optimum protection against 
ROS. It seems that the deficiency of any of them can 
cause a decrease in total plasma antioxidant capacity. 
The main antioxidant enzyme system in the semen 
is called an enzyme triad comprising superoxide dis-
mutase, catalase, and glutathione peroxidase. 
Superoxide dismutases (superoxide oxidoreductases 
– SOD) are metaloenzymes catalyzing dismutation 
reactions of the superoxide anion. They are present 
in both intra– and extracellular forms. Two of the 
intracellular forms are copper–zinc SOD, which are 
localized mainly in the cytoplasm and contains cop-
per and zinc (Cu, ZnSOD, SOD–1) in the active cen-
ter, and manganese SOD, which is located mainly 
in the mitochondrial matrix with manganese at its 
active center (MnSOD, SOD–2). The extracellular 
form of SOD (EC–SOD, SOD–3) acts in the extracel-
lular space. It is related to the surface polysaccha-
rides although it may also be present in a free form. 
It is similar to SOD–2 in construction, but instead of 
manganese it has zinc and copper in its active center 
[25, 29]. SOD demonstrates high activity in seminal 
plasma with 75% of its activity related to the activity 
of SOD–1 and the remaining 25% to SOD–3. It was 
demonstrated that these two isoenzymes are prob-
ably derived from the prostate [30].

Catalase (CT) catalyzes the decomposition of hydro-
gen peroxide to molecular oxygen and water. A char-
acteristic feature of its structure is a heme system 
with a centrally–located iron atom. Its activity has 
been demonstrated in peroxisomes, mitochondria, 
endoplasmic reticulum and the cytosol in many types 
of cells [31]. In semen, it was found in the sperm 
cells of humans and rats, as well as seminal plasma, 
where its source is the prostate [25]. Catalase acti-
vates the sperm cell capacitation induced by nitric 
oxide, which is a complicated mechanism using hy-
drogen peroxide [32].
Another enzyme of the antioxidant system in the 
semen is glutathione peroxidase (GPX), which cata-
lyzes the reduction of hydrogen peroxide and organic 
peroxides, including the peroxides of phospholipids 
[29]. In its active site, it contains selenium in the 
form of selenocysteine. In sperm it is located mainly 
in the mitochondrial matrix [30], but a nuclear form 
that protects sperm DNA from oxidative damage and 
participates in the process of chromatin condensa-
tion has also been found [33]. The presence of GPX 
has also been demonstrated in the seminal plasma, 
suggesting its origin from the prostate [34].
Besides the enzymes neutralizing the overproduc-
tion of ROS, an important role in the antioxidant 
protective system is played by the low molecular 
weight, non–enzymatic antioxidants that assist en-
zyme activity. These include, among others, gluta-
thione, pantothenic acid, coenzyme Q10, carnitine, 
vitamins A, E, C and B complex and minerals, such 
as zinc, selenium, and copper [18, 35]. Chrome also 
seems to be another essential micronutrient that is a 
component of a number of enzymes involved in car-
bohydrate metabolism. In rats its supplementation 
reduces fat deposition, thus preventing obesity and 
consequently prevents the initiation of inflammation 
and, therefore, oxidative stress [36].

Non–enzymatic antioxidants

Carotenoids are a group of fat–soluble organic com-
pounds found mainly in yellow, red, orange, and 
pink vegetable dyes. These retinoids are precursors 
of vitamin A. Retinal is formed from them in the gas-
trointestinal tract, before being converted to retinol, 
the most important component of vitamin A. Carot-
enoids are natural antioxidants, responsible for the 
integrity of cell membranes and regulating epithelial 
cell proliferation, and are involved in the regulation 
of spermatogenesis [37]. Their deficiency in the diet 
can lead to a reduction in sperm motility. 
Vitamin E (α–tocopherol) is an organic chemical com-
pound soluble in fats localized mainly in cell mem-
branes. Its antioxidant activity is mainly based on 
quenching lipid peroxidation initiated by ROS and 
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the capture of free hydroxyl radicals and superox-
ide. Thus, vitamin E mainly protects the sperm cell 
membrane components from damage and, to a less-
er extent, decreases the production of ROS. In vitro 
studies have shown that vitamin E prevents reduced 
motility of sperm and also improves their ability to 
fertilize in the hamster egg penetration test [38]. 
In vivo studies have shown that in male infertility, 
supplementation with vitamin E was effective in 
cases with a reduced number and motility of sperm 
cells (oligoasthenozoospermia) caused by oxidative 
stress [39, 40]. Its oral administration significantly 
increased sperm motility by decreasing sperm pro-
duction of malonic dialdehyde (MDA), which is the 
end product of lipid peroxidation and is, hence, an 
indirect indicator of the intensity of the process in 
the cell [41]. It was found that the concentration of 
MDA in the semen is twice as high in men with as-
thenozoospermia as in men with normozoospermia, 
and its reduction correlates well with the percentage 
of successful attempts to achieve pregnancy. Vitamin 
E was observed to have an enhanced effect on sperm 
motility when its administration was combined with 
selenium [40]. It was also found that selenium alone 
prevents oxidative damage to sperm DNA. Selenium 
is an essential micronutrient for normal testicular 
development, spermatogenesis, sperm motility, and 
function [42]. Lack of selenium leads to atrophy of the 
seminiferous epithelium, disorders of spermatogene-
sis and maturation of spermatozoa in the epididymis, 
and testis volume reduction [43]. Also, an increased 
percentage of sperm cells with abnormal morphology 
(mainly the head and midpiece) and poor sperm mo-
tility can be observed in the semen [44]. Not only se-
lenium, but also zinc and copper are trace elements 
that are important for the normal function of testes, 
including the process of spermatogenesis. Zinc is a 
component of over 200 enzymes that are involved in 
the biosynthesis of nucleic acids and proteins as well 
as in the process of cell division. The concentrations 
of zinc, copper, and selenium in seminal plasma have 
correlated well with sperm quality in men [45, 46].
Vitamin C (ascorbic acid) is a water–soluble sub-
stance which concentration in the seminal plasma is 
about 10 times higher than in blood serum. This vita-
min has high antioxidant potency, which is valuable 
in protecting sperm DNA from the harmful effects of 
ROS [47]. Reduced levels of vitamin C and elevated 
ROS levels have been found in the seminal plasma of 
men with asthenozoospermia [20] and a dose–depen-
dent improvement in sperm motility has been found 
to be associated with vitamin C level, especially in 
smokers [48]. It seems that supplementation with 
hydrophilic vitamin C and lipophilic vitamin E can 
act synergistically in reducing the impact of sperm 
oxidative stress [49].

Glutathione is the most abundant intracellular thiol, 
that is, a sulfur–containing component, and hence, is 
present in the largest amounts. It has anti–oxidant 
properties by reconstruction of thiol groups (–SH) in 
proteins, which can be eliminated during oxidative 
stress. Glutathione also protects the cell membranes 
from lipid oxidation and prevents the formation of 
free oxygen. A glutathione deficit leads to instability 
of the midpiece of the spermatozoa, which results 
in a motility disorder [50]. Glutathione supplemen-
tation in infertile men with unilateral varicocele or 
inflammation of the urogenital system leads to a sig-
nificant improvement in sperm parameters [51]. A 
glutathione precursor is N–acetyl–cysteine, which 
also improves sperm motility and prevents oxida-
tive damage to sperm DNA [52]. A factor increasing 
the level of glutathione is pantothenic acid, which 
by doing so also protects tissues against oxidative 
stress [53].

Antioxidant therapy for infertile men

Over the last two decades numerous clinical stud-
ies have been carried out to establish the possible 
beneficial effects of treatment with antioxidants on 
improvement of sperm parameters in men as well 
as fertilization or pregnancy rates in their partners. 
However, there is a lack of uniformity between most 
of them and thus it is difficult to compare their re-
sults and draw the unambiguous conclusion as for 
establishment of the optimal dietary supplementa-
tion. Most of the trials are small in size (usually less 
than 100 men), with no homogenous target popu-
lation. Moreover, the threshold for study inclusion 
differed among studies for the same target group as 
well as for study exclusions criteria or outcomes ana-
lyzed. A significant number of studies lack random-
ization and placebo–controlled arms. The type, dose, 
and duration of the antioxidant therapy also differ 
substantially. In some of the studies only one from 
a dozen of known antioxidants was tested while in 
others different combinations of them – the therapy 
duration ranged from 4 to 48 weeks. The most com-
monly studied antioxidants were vitamin C, vitamin 
E, selenium, zinc, glutathione, L–carnitine and N–
acetyl–cysteine (for ref. see [54–58]).
However, only recently a few reviews summariz-
ing the results of carefully selected clinical trials 
were published trying to establish current medical 
evidence on the effect of oral antioxidants on sperm 
quality and pregnancy rate in infertile men. Ross et 
al. [54] analyzed 17 trials, including a total 1,665 
men. All of them had a randomized design, the tar-
get population was infertile men and the therapeu-
tic intervention was oral antioxidant(s) compared 
with placebo or no treatment. Outcome measures 
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were semen parameters (sperm concentration, mo-
tility, and morphology) and/or occurrence of preg-
nancy. Although there was the methodological and 
clinical heterogeneity concerning the studied popu-
lation, as well as type, dosage, and duration of an-
tioxidant therapy, 14 of the 17 (82%) trials showed 
an improvement in sperm quality, mainly motility 
(63%) but also sperm concentration (33%) and/or 
morphology (17%). In six of the 10 trials, increased 
pregnancy rates were found. Gharagoozloo and Ait-
ken [55] selected 20 trials that assessed the effect 
of oral antioxidants against a measure of sperm 
oxidative stress or DNA damage. Again, the stud-
ies were small in size and heterogeneous, but the 
analysis showed that 95% of them reported a sig-
nificant reduction of oxidative stress or DNA dam-
age after treatments with antioxidants. Moreover, 
among semen parameters, motility was improved 
in 10 of 16 studies, but it is worth to note that this 
improvement was seen in all the studies where the 
asthenozoospermic men were a target group (seven 
groups). Less common, however, was an improve-
ment in sperm concentration (15%). Zinni and Al–
Hathal [56] compared 24 randomized controlled 
trials evaluating the effects of antioxidants such 
as vitamin C, vitamin E, selenium, zinc, folic acid, 
N–acetyl–cysteine, L–carnitine, L–acetyl carnitine, 
and N–acetyl–cysteine either taken alone or in dif-
ferent combinations on different semen variables. 
An improvement was observed in 18 studies in con-
trast to six where nil effect was reported. Further 
comparison of eight studies evaluating the effect of 
the therapies on sperm DNA damage showed the 
beneficial effects of antioxidants on sperm DNA in-
tegrity and pregnancy rates after assisted reproduc-
tion. However, as the authors reported that none of 
them estimated seminal oxidative stress, seminal 
vitamin levels, or used oxidative DNA damage (e.g. 
by estimation of 8–hydroxy–2’–deoxyguanosine) as 
a selection criterion for monitoring the response 
to the therapy, the precise mechanism of action of 
these antioxidants on sperm DNA quality is still 
unclear. Additionally, authors also summarized the 
results from articles evaluating the role of in vitro 
antioxidants in protecting spermatozoa from the 
loss of motility and DNA damage due to 1) exog-
enous ROS, 2) semen processing, or 3) cryopreser-
vation and thawing and they concluded a beneficial 
effect of in vitro antioxidant supplements in protect-
ing spermatozoa from exogenous oxidants and cryo-
preservation with subsequent thawing. Showell et 
al. [57] published the Cochrane review on the basis 
of meta–analysis of 34 trials that included 2,876 
couples evaluating the effect of oral supplementa-
tion with antioxidants for male partners of couples 
undergoing assisted reproduction techniques. The 

outcomes were live birth, pregnancy, miscarriage, 
stillbirth, sperm DNA damage, sperm motility, 
sperm concentration, and adverse effects. The au-
thors concluded that taking oral antioxidants had 
an associated statistically significant increase in 
live birth rate and pregnancy rate in subfertile cou-
ples undergoing assisted reproduction techniques 
cycles. 
Although the presented reviews generally demon-
strate a beneficial effect of antioxidants on infertile 
men, the optimal type and dose of antioxidants is 
still unknown together with the precise mechanism 
of their action. The dosage and type of antioxidants 
should probably be adjusted to the level of oxida-
tive stress in the semen. It can be studied with the 
use of direct methods such as chemiluminescence, 
cytochrome C reduction, flow cytometry, or indirect 
methods that measure levels of biomarkers of oxida-
tive stress. Measurement of ROS levels could help 
to identify patients who could benefit from supple-
mentation with antioxidants. However, no reliable, 
cheap and easy to perform tests that would apply in 
routine practice have been developed so far.
The authors unanimously emphasized the need for 
larger, carefully designed clinical trials in the future. 
The best trials being multi–centered, double–blind, 
randomized cross–over with strict selection criteria 
targeting patients with moderate to severe sperm 
oxidative stress and those with many measurable 
outcomes, such as pregnancy and miscarriages rates. 
Moreover, in a very recent review concerning over–
the–counter (OTC) supplements, such as herbs, vita-
mins, and nutritional supplements for the treatment 
of male infertility, one more point is stressed by the 
authors – as many OTC studies fail to control the 
baseline dietary intake by patients of the analyzed 
substances the authors caution against the wide-

Table 2. Recommended daily allowance (RDA) of vitamins 
and minerals with antioxidant effect according to the 
European Commission Directive 2008/100/EC from 28 
October 2008

Vitamins RDA Minerals RDA

A (carotenoids) 800 µg zinc 10 mg

E (tocopherols) 12 mg selenium 55 µg

C (ascorbic acid) 80 mg copper 1 mg

B1 (thiamine) 1.1 mg chrome 40 µg

B2 (riboflavin) 1.4 mg magnesium 2 mg

B3 (niacin) 16 mg iron 14 mg

B5 (pantothenic acid)) 6 mg

B6 (pyridoxine) 1.4 mg

B7 (biotin) 50 µg

B12 (cobalamine) 2.5 µg
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spread use of the OTC supplements above and be-
yond the recommended daily allowance in order to 
avoid triggering any possible side effects [58]. 

Antioxidants and assisted reproductive technologies

Semen preparation methods used in assisted repro-
ductive technologies (ART) have an impact on the 
results of the different procedures. Washing, cen-
trifugation, and the incubation of sperm in different 
culture media may result in increased production 
of ROS. This is due to the separation of sperm from 
seminal plasma, which is rich in antioxidants. One 
of the main consequences of applying these methods 
is a reduction in sperm motility. It has been shown 
that the use of antioxidants such as vitamin E, glu-
tathione, N–acetyl–cysteine, and catalase in the se-
men preparation reduces ROS levels and prevents 
the reduction of sperm motility [52, 59, 60]. It seems 
that the semen samples of men with reduced fertility 
potential are more susceptible to the oxidative stress 
that occurs during semen preparation and may re-
quire greater antioxidant protection in comparison 
with semen samples obtained from fertile men. 
Another important issue is to protect against the loss 
of sperm motility and DNA damage after cryopreser-
vation and subsequent thawing. It appears that an-
other major antioxidant is pentoxifylline, which was 
observed to improve sperm motility and function af-
ter thawing [61, 62]. Other tested antioxidants, such 
as vitamins E and C, have a much smaller impact 
on improving sperm motility [63, 64]. On the other 
hand, it has been shown that vitamin C, catalase, 
and genistein can protect sperm DNA from damage 
due to oxidative stress induced by cryopreservation 
and subsequent thawing [65–68].
In addition, supplementation of culture media with 
N–tert–butyl hydroxylamine (NTBH) and mimetics 
of SOD / catalase also blocks sperm chromatin dam-
age. There are also reports that the production of ROS 
increases with the prolonged incubation of sperm 
with oocyte, thus it is recommended that the incuba-
tion period is as short as possible [69]. Composition 
of media used for IVF (in vitro fertilization) also has 
a significant impact on the status of oocytes and em-
bryos before the implantation phase. Recently, it has 
been shown that the amount of ROS in sperm corre-
lates significantly with the fertilization rate obtained 
after IVF. This suggests that the level of ROS in the 

semen is an important predictor of the success of this 
technique. Media supplementation with antioxidants 
may therefore be beneficial to the development of em-
bryos and increase the number of pregnancies [70].

CONCLUsIONs

Over the past 25 years, there have been many ex-
perimental and clinical studies on the pathophysi-
ology of oxidative stress and its impact on fertility 
disorders, both in men and women [57]. There is now 
little doubt that oxidative stress causes damage to 
the function of sperm, causing structural damage to 
DNA and accelerating cell apoptosis, which conse-
quently lead to the inability to achieve conception or 
lack of development of the embryo. In vitro and in 
vivo studies have demonstrated the beneficial effect 
of many antioxidant factors on sperm, pregnancy 
rate and live birth rates. 
The controversial issue is, however, the effectiveness 
of antioxidants on sperm, which has not yet been 
confirmed by other studies [57]. This may be primar-
ily due to the multitude of causes of male fertility 
problems and the paucity of diagnostic capabilities 
currently available. In addition, as these studies 
are not usually based on an evaluation of oxidative 
stress intensity and the only criterion for inclusion 
in the study is a decreased number of spermatozoa, 
the groups of men surveyed in such studies tend to 
be nonhomogenic.
Another issue of concern is the dose of antioxidant 
preparations. It appears that in the case of oxidative 
stress, doses of antioxidants should be higher than 
usual daily dose and used for at least three months, 
because the development of a mature sperm from 
spermatogonia is 72 ±4 days. Determination of the 
most preferred active doses of antioxidants requires 
further research. Although products available with-
out prescription include safe doses of the individual 
components, an overdose of some of them such as vi-
tamin A, can have side effects. The daily requirement 
of these components is presented in Table 2 [71].
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