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Abstract. One of the urgent medical problems of our time is a significant percentage of male and female infertility 
in various countries of the world. It is extremely aggravated under the influence of stressful factors, especially during 
natural disasters and wars. This review summarizes the latest research progress, concepts, and hypotheses regarding 
the role of free radical processes in the regulation of reproductive functions and in the pathogenesis of stress-
induced reproductive disorders. One of the important metabolic processes in the body involved in stress reactions 
is lipid peroxidation (LPO) and oxidative modification of deoxyribonucleic acid (DNA), ribonucleic acid and proteins, 
which are carried out by reactive oxygen species (ROS). A state of long-term and severe stress generates a large 
number of ROS in mitochondria, microsomes, and other structures and cells, as a result of which a change in the pro-
antioxidant balance occurs in the direction of a decrease in the redox potential in cells and their microenvironment. 
ROS cause LPO and modification of the structure of DNA, ribonucleic acid, and proteins in spermatozoa, eggs, 
and gonads, which leads to hypofertility or infertility. There are pathogenetically based proposals for the use of 
pharmacological and natural antioxidants for the treatment of male infertility or hypofertility. Conclusions. Oxidative-
nitrosative stress is a standard metabolic reaction to the state of acute and long-term stress in the body. Free radical 
processes are considered a significant factor in the pathogenesis of generative and endocrine disorders of the 
reproductive system of men and women. Maintaining balance in the redox system is an important condition for the 
normal functioning of the reproductive system. It is necessary to strengthen efforts in the direction of counteracting 
oxidant and nitrosative stress in the reproductive organs in order to prevent and treat infertility caused by stress.
Keywords: reproductive system, oxidative stress, nitrosative stress antioxidants, sperm, egg, male, female.

DOI: 10.31793/1680-1466.2023.28-4.341

ISSN 1680-1466’ ENDOKRYNOLOGIA’ 2023, VOLUME 28, No. 4

341



Огляди

Introduction

The problem of hypo- and infertility is cons
tantly under the attention of endocrinologists 
and reproductive specialists due to its prevalence. 
It is extremely aggravated under the influence of 
stressful factors, especially during natural disasters 
and wars, which are relevant for Ukraine. Stress 
limits a person's reproductive potential [1-6], 
which is appropriate from a biological point of view 
due to the deterioration of living conditions. In 
the modern world, the problem of stress is one of 
the most relevant in terms of health in general and 
reproductive health in particular.

A state of stress occurs when an agent acting on 
the body causes a strain of adaptive reactions, that is, 
to a certain extent, it has a protective nature. If the 
stressogenic factor is too intensive and overcomes 
the protective mechanisms of homeostasis, it 
initiates the development of pathological processes 
and can lead to chronic diseases. There are many 
etiological factors of stress (psycho-emotional 
stimulus, hypoxia, hypo- and hyperthermia, physi
cal overload, chemical irritants, electric current, 
starvation, infectious diseases, radiation, etc.). 
The body reacts with stereotypical reactions of the 
sympatho-adrenal, endocrine, and immune systems. 
The reproductive systems of women and men are 
extremely vulnerable to the action of stressogenic 
factors, in particular, due to the hormonal and 
metabolic changes induced by them.

Pro-antioxidant balance and its changes 
during stress

One of the important metabolic processes in 
the body involved in stress reactions is LPO and 
oxidative modification of DNA, ribonucleic acid 
and proteins, which are carried out by ROS [7-9]. 
They have a very short lifetime, but extremely high 
reactivity [10-12]. More than 90% of the oxygen 
that cell utilizes processed by mitochondria. A 
prevailing part of it is converted to water, then 
another part is converted into superoxide anion, 
and then into hydroxide radical and hydrogen 
peroxide – the most toxic for cells. The generation of 
ROS occurs in the mitochondrial respiratory chain 
during the process of oxidative phosphorylation 
and in the electron transport chain by microsomes. 
In addition, ROS appear when oxyhemoglobin is 
converted to methemoglobin, or when xanthine is 
oxidized by xanthine oxidase.

There is an enzyme system that counteracts ROS: 
superoxide dismutase, glutathione peroxidase, and 
catalase, which remove peroxide from water. During 
the oxidation of glutathione (GSH) by glutathione 
peroxidase, hydrogen peroxide is decomposed into 
water. Peroxidases of other substrates (myelo
peroxidase, cytochrome C-peroxidase, peroxy
redoxins) act in a similar way. In addition to GSH, 
antioxidant protection is provided by other non-
enzymatic compounds as follows: ascorbic acid, 
polyphenols, and alpha-tocopherol. In one second, 
the cell produces 50 hydroxyl radicals, which are 
neutralized by the antioxidant protection system.

Under normal conditions, ROS produced in a 
non-enzymatic way perform regulatory functions. In 
particular, they take part in the processes of apoptosis, 
and immune reactions, affect the conductivity of 
ion channels, and initiate the expression of some 
protective genes.

Changes in oxidant homeostasis are a mandatory 
link in the chain of metabolic responses to acute or 
chronic stress. Under the influence of stressogenic 
agents, the pro-antioxidant balance shifts towards 
the formation of a large amount of ROS. This leads 
to LPO, hyperactivation of proteinkinases through 
redox-sensitive transcription factors such as AP-1, 
p53, and NF-κB, damage to DNA and proteins, and 
an increase in intracellular concentrations of calcium, 
iron, and copper ions, which leads to cell death (Fig.). 

Figure. Mechanisms of the damaging effect of oxidative 
stress on cells.

Note: DNA – deoxyribonucleic acid, ADP – adenosine diphosphate, 
NADH- nicotinamide adenine dinucleotide reduced, GSH – glutathione,  
ATP – adenosine triphosphate, NOS – nitric oxide synthase.
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The main target of LPO is double carbon bonds 
of polyunsaturated fatty acids in cell membranes, 
mitochondria, microsomes, peroxisomes, as well 
as lipoproteins. Due to this, water, ions of sodium, 
potassium, and calcium enter the cells, which leads to 
swelling of cells and organelles and their death. The 
final products of LPO are malonic dialdehyde and 
hydroxy-2-nonenal, which is formed from linolenic 
acid. The formation of 2,4-dinitrophenylhydrazones 
serves as the indicator of oxidative modification of 
proteins.

The role of oxidative stress in stress-induced 
disorders of the female reproductive system

There are numerous and irrefutable evidences 
that the reproductive system of women is three 
times more vulnerable to stress than that of 
men. This is explained both by the increased 
response of women to stressful stimuli, and by 
the more complex, compared to men, structural 
and functional organization of the reproductive 
system, as well as the cyclical nature of its activity. 
It is believed that about 30% of cases of female 
infertility are caused by chronic stress, mainly of 
psycho-emotional origin.

Due to stimulation of cortisol secretion and 
inhibition of gonadotropin-releasing hormone 
synthesis, secretion of luteinising hormone, follicle 
stimulating hormone and ovarian sex hormones is 
inhibited, which leads to menstrual dysfunction. 
Stress stimulates the release of prolactin from 
the pituitary gland, which, in turn, disrupts 
the biosynthesis of ovarian hormones, causes 
premature luteolysis and, through this mechanism, 
also reduces the production of progesterone in the 
ovaries, thus contributing to premature termination 
of pregnancy. The stress-induced increase in the 
level of progesterone in the first phase of the 
menstrual cycle is explained by the activation 
of the adrenal cortex, which is also the cause of 
menstrual dysfunction [13]. In the pathogenesis of 
stress-induced disorders of reproduction in women, 
there is thyroid dysfunction.

Manifestations of reproductive disorders in
duced in women by prolonged and severe stress 
are extremely diverse: insufficiency of the luteal 
phase of the ovarian cycle, hypothalamic oligo- or 
amenorrhea, premenstrual dysphoric disorders, 
impaired ovum quality [14], impaired embryo 
implantation, early pregnancy loss, premature 
birth, endometriosis, early menopause [15-17]. 

The role of lipid and protein peroxidation in 
the pathogenesis of stress-induced disorders of the 
female reproductive system is beyond doubt [9, 18-
21]. It is also necessary to take into consideration that 
ROS are necessary participants in the formation of a 
pre-implantation embryo [22]. They are important 
for the formation of the pronucleus, the proliferation 
of cells, and the formation of the blastula due to the 
regulation of transcription factors, in particular, 
NF-κB. ROS interact with purine and pyrimidine 
bases of DNA, some metabolites of which are able 
to break DNA chains, which creates conditions for 
teratogenesis. Endogenous single-stranded DNA 
break repair mechanisms are important for egg 
preservation [23], but they are not able to resist 
ROS in case of their excessive formation. Free 
radicals attack eggs, change their microenvironment 
(follicular fluid, granulosa zone, etc.), the interaction 
with spermatozoa, development of the embryo at the 
early stages, and interfere with the process of embryo 
implantation. They play an equally important 
pathogenetic role in the «aging» of eggs, in particular, 
by preventing the separation of chromosomes at the 
first stage of meiosis [24].

One of the consequences of oxidative stress in 
some women is the formation of polycystic ovary 
syndrome [25-27]. In women with this syndrome, 
ROS cause structural and functional disturbances at 
all levels of cell organization. There is a correlation 
between markers of oxidative stress in blood serum 
and follicular fluid. The most significant consequence 
of the harmful effects of ROS is mitochondrial 
dysfunction [28, 29].

The role of oxidative stress in stress-induced 
disorders of the male reproductive system

Chronic stress in men causes a decrease in the 
level of gonadotropic hormones and testosterone, 
depresses libido, decreases the number and quality 
of spermatozoa and seminal fluid, which is the cause 
of a decrease in fertility potential, and even more – 
impotence [1, 4, 6, 30, 31]. One cannot fail to notice 
that slightly more scientific publications are devoted 
to the problem of the effect of oxidative stress on 
the male reproductive system than on women. 
This is probably due to the greater availability of 
biological material, i.e. spermatozoa and seminal 
fluid, compared to eggs, follicular and tubular fluids.

One of the mechanisms of damage to the germinal 
cells of the testis and immature spermatozoa is the 
violation of the folding of regulatory proteins as a 
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manifestation of oxidative stress in the endoplasmic 
reticulum [32, 33]. In contrast to acute stress, which 
stimulates mitochondrial biogenesis and activates 
transcription factors and associated kinases in 
rat Leydig cells [34], chronic stress disrupts the 
structure and functioning of mitochondria due to 
a significant increase in the formation of ROS in 
them. An increased level of markers of oxidative 
stress was found in the seminal fluid of 25-80% of 
infertile men [35, 36]. In addition, the content of 
antioxidants in it is reduced. The role of ROS in 
the pathogenesis of male infertility is considered 
proven [37]. As the examination of 16,945 men of 
different age categories showed, the degree of DNA 
defragmentation of spermatozoa increases with age, 
which correlates with a decrease in fertility and an 
increase in oxidative stress [38].

The main «killer» of spermatozoa is hydrogen 
peroxide, which carries out LPO. The ability of 
human and bull spermatozoa to produce ROS and 
the inhibitory effect of hydrogen peroxide on gamete 
respiration was first discovered in the 40s of the last 
century [39, 40]. The physiological level of ROS 
in the germinal cells of male gonads, spermatozoa, 
and their microenvironment is necessary for them 
to achieve structural and functional maturity. The 
extreme vulnerability of spermatozoa to the excess 
of ROS in these cells and seminal fluid, which is 
due to the activation of LPO, is explained by the 
high content of polyunsaturated fatty acids in 
their membranes. The high rate of cell division of 
the spermatogenic epithelium makes their DNA 
vulnerable to ROS. The situation is complicated 
by the fact that the content of an important 
antioxidant – GSH in spermatozoa is 30 times 
less than that in somatic cells, and there is no 
catalase there at all [41]. The scavenger system 
in spermatozoa is weaker than that in other cells 
[42]. The generation of ATP is disturbed; and as a 
result of these metabolic processes, morphological 
and functional defects of the gametes occur. 
The cytoplasm and membrane of spermatozoa 
contain NO synthase, and high concentrations 
of peroxynitrite contribute to the damage of 
these gametes. As a result of reduced mobility 
of spermatozoa, morphological abnormalities, 
and reduced concentration in seminal fluid, their 
fertilizing capacity is significantly reduced.

A relatively recent meta-analysis points to 
oxidative stress accompanying the COVID-19 
disease as one of the leading pathogenetic 

mechanisms of male infertility, along with metabolic 
and psychological factors [43]. It is noteworthy 
that the quality of seminal fluid deteriorates 
immediately after the onset of the disease [44]. 
In men with COVID-19, a reduced level of 
testosterone in the blood serum, and its inverse 
relationship with the severity of the course of 
the disease are registered. Testicular morphology 
shows elongation of the seminiferous tubules, 
damage to Sertoli cells, and a decrease in the 
number of Leydig cells [45-47]. Oxidative stress 
activates apoptosis processes in the testes, which 
explains the decrease in the number of gametes 
and Leydig cells [46]. Oxidative stress changes 
the balance between the processes of apoptosis 
and autophagy in male germ cells [48]. They are 
determined by numerous signaling pathways 
(mTor, Atg12, p53, Beclin 1, Bcl 2). Oxidative 
stress causes epigenetic deregulation of genes that 
control apoptosis and autophagy, which leads to 
the death of spermatozoa at various stages of their 
generation. An examination of 376 infertile men 
showed elevated levels of cortisol and adrenaline, 
indicating a state of stress [49]. The level of 
testosterone was reduced compared to healthy 
men against the background of increased levels 
of gonadotropic hormones, which indicates the 
preservation of a negative reciprocal relationship 
between the gonads and the pituitary gland. 
It is noteworthy that the levels of superoxide 
dismutase and GSH were increased in patients, 
which can be considered an adaptive response to 
oxidative stress.

 One of the factors that characterize sperm quality 
and the degree of its aging is the state of telomeres. 
Telomeres are threads of non-coding nucleotide 
sequences TTAGGG, which are located after 
the last coding combination of DNA nucleotides 
and are repeated thousands of times. During 
DNA replication, part of the telomere loses some 
nucleotides, but reverse transcriptase (telomerase) 
restores the lost nucleotides. Telomerase actively 
functions in germ and stem cells.

Usually, the length of telomeres decreases as the 
cell ages. Oxidative stress disrupts the integrity of 
telomeres in spermatogenic cells and spermatozoa, 
accelerating their aging [50]. However, there 
are many works that demonstrate a paradoxical 
phenomenon, lengthening of telomeres in sperm as 
they age [51] and under the influence of a moderate 
increase in ROS output [52]. They are trying to 
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explain this unusual phenomenon as an adaptive 
reaction of hormesis, but the question arises: why 
is it not observed in the egg cell, where aging is 
characterized by the shortening of telomeres? So, 
this phenomenon is still waiting for a convincing 
explanation.

Antioxidant therapy
There are pathogenetically based proposals for 

the use of pharmacological and natural antioxidants 
for female and male infertility or hypofertility 
treatment. To restore redox balance, chemical and 
plant antioxidants were used [42, 53-59]. It is 
believed that antioxidant therapy in the form of 
an appropriate diet and antioxidant medications 
should be the first [54] or second [60] line of 
treatment for idiopathic male infertility. In order to 
counteract the damaging effects of ROS, quercetin, 
vitamins C, B and E, GSH, selenium, coenzyme 
Q10, melatonin, resveratrol, carotenoids, folate, 
cysteine, and L-carnitine are prescribed [18, 19, 
21, 22, 59, 60]. D-chiro-inositol, mio-inositol, and 
other antioxidants are prescribed to women with 
polycystic ovary syndrome and other gynecological 
pathology [60], as well as in assisted reproductive 
technologies [61]. Nevertheless, the efficacy of 
antioxidant therapy of reproductive disorders is 
variable between individuals [54].

Nitrosative stress and reproductive disorders
Nitric oxide (NO), a short-lived lipophilic 

molecule, plays an important role in the metabolic 
regulation of numerous physiological functions. 
In the reproductive system, it participates in the 
regulation of the gonadotropic function of the 
pituitary gland, embryo implantation, gametogenesis, 
steroidogenesis, apoptosis of germinal cells, egg 
maturation, follicle growth, ovulation, etc. 

Nitrosative stress can be considered a kind of 
oxidative stress. Under conditions of body stress, 
NO-synthase is activated, which generates NO 
from arginine. The result of the interaction of 
NO with the superoxide radical is the formation 
of peroxynitrite anion, which is a strong oxidant 
and is able to penetrate into cells through anion 
channels – an extremely toxic substance that 
oxidizes the proteins of the respiratory chain 
of mitochondria. As a result, the formation of 
macroergs, which are necessary to ensure the vital 
activity of the cell, decreases. The most significant 
process in terms of the harmful effect of nitrosative 

stress is tyrosine nitration, which leads to the 
activation of LPO, DNA breaks, mitochondrial 
damage, etc. [62].

The destructive effect of nitrosative stress in men 
is manifested in increased apoptosis of testicular germ 
cells and their damage, and in women, in particular, 
in immune inflammation of the endometrium, which 
causes rejection of the embryo during implantation 
[63]. A high concentration of NO stimulates LPO 
in the membrane of spermatozoa and reduces their 
motility and fertilizing ability. However, the data 
on the morphological changes of spermatozoa 
are extremely contradictory. A negative effect of 
nitrosative stress is leukocytospermia, which causes 
sperm agglutination.

In infertile women, the level of NO in blood 
serum is increased, and its high content in the 
follicular fluid of the ovaries is associated with the 
deterioration of the quality of the embryo and the 
results of artificial insemination [64].

Conclusions

Oxidative-nitrosative stress is a standard 
metabolic reaction to the state of acute and long-
term stress in the body. Free radical processes are 
considered a significant factor in the pathogenesis 
of generative and endocrine disorders of the 
reproductive system of men and women. It is 
necessary to strengthen efforts to counteract 
oxidative and nitrosative stress in the reproductive 
organs to prevent and treat infertility caused by 
stress.
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Abbreviation

DNA – deoxyribonucleic acid
GSH – glutathione
LPO – lipid peroxidation
NO – nitric oxide 
ROS – reactive oxygen species

Оксидативний стрес – обов’язковий учасник  
патогенезу стрес-індукованих розладів  
репродукції

О.Г. Резніков
ДУ «Інститут ендокринології та обміну речовин ім. В.П. Комісаренка НАМН 
України»

Резюме. Однією з актуальних медичних проблем сучасності є 
значний відсоток безпліддя чоловіків і жінок у різних країнах 
світу. Вона надзвичайно загострюється під впливом стресоген-
них чинників, особливо під час природних катаклізмів і війн. 
Ця оглядова стаття підсумовує новітні результати наукових до-
сліджень, концепції і гіпотези стосовно ролі вільнорадикальних 
процесів у регуляції репродуктивних функцій та в патогенезі 
стрес-індукованих розладів репродукції. Одним із важливих ме-
таболічних процесів в організмі, які беруть участь у стресових 
реакціях, є перекисне окислення ліпідів і окислювальна моди-
фікація ДНК, РНК і білків, які здійснюються за допомогою актив-
них форм кисню. Стан тривалого і сильного стресу генерує в 
мітохондріях, мікросомах та інших структурах і клітинах велику 
кількість активних форм кисню, внаслідок чого відбувається зміна 
про-антиоксидантного балансу в бік зменшення редокс-потенці-
алу в клітинах та їх мікрооточенні. Активні форми кисню виклика-
ють у сперматозоїдах, яйцеклітинах і статевих залозах перекисне 
окислення ліпідів та модифікацію структури ДНК, РНК і білків, що 
призводить до гіпофертильності або безпліддя. Існують патоге-
нетично обгрунтовані пропозиції щодо застосування фармако-
логічних і природних антиоксидантів для лікування чоловічого 
безпліддя або гіпофертильності. Висновки. Оксидативно-нітро-
зативний стрес є стандартною метаболічною реакцією на стан 
гострого і тривалого стресу організму. Вільнорадикальні про-
цеси вважають суттєвим чинником у патогенезі генеративних і 
ендокринних розладів репродуктивної системи чоловіків і жінок. 
Важливою умовою нормального функціонування репродуктивної 
системи є підтримання рівноваги в редокс-системі. Необхідно по-
силити зусилля в напрямку протидії оксидативному та нітрозатив-
ному стресу в репродуктивних органах із метою запобігання та 
лікування безпліддя, зумовленого стресом.
Ключові слова: репродуктивна система, оксидативний стрес, 
нітрозативний стрес, антиоксиданти, сперматозоїд, яйцеклітина, 
чоловік, жінка.
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